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CREATINE FEEDING AND CREATINE-CREATININE 
EXCRETION IN MALES AND FEMALES OF 
DIFFERENT AGE GROUPS 
By ELIZABETH HYDE 
(From the Laboratory of Chemistry, Wells College, Aurora, New York) 


(Received for publication, November 17, 1941) 


In the experiment of Rose, Ellis, and Helming (1) in which approxi- 
mately 1.0 gm. of creatine was administered daily for 7 weeks to a young 
male and a young female adult, certain differences in the fate of the exog- 
enous creatine were observed. It seemed of interest to determine whether 
dissimilarities in creatine metabolism attributable to age, sex, or muscu- 
lature would be observed if creatine were administered over a period of time 
to male and female representatives of different age groups. 


EXPERIMENTAL 


The following subjects were used: Subject 2, a young man accustomed to 
rather vigorous exercise; Subjects 3 and 4, two young men of average 
musculature; Subject 5, a young man with muscular dystrophy and atrophy 
of several muscles; Subject 6, a healthy man of 70; Subject 8, a young wo- 
man accustomed to rather vigorous exercise; Subjects 9, 10, and 11, three 
young women of average musculature; Subject 12, a woman of 39, in good 
health, who 2 years earlier had had a bilateral oophorectomy without 
implants; Subject 13, a healthy woman of 59 who had been physically 
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1 active in her youth, and who had passed the climacteric 8 years earlier; 
era Subject 14, a second healthy woman of 59 who had passed the climacteric 4 
OG8} years earlier; Subject 10’, the woman who 16 years earlier had been Subject 
| and who had passed the climacteric 2 years before this experiment; 


fads 


Subjects 15 and 16, 10 year-old boy and girl twins. Data from the study 
of Rose and coworkers (1) are included as Subject 1, a young man accus- 
tomed to vigorous exercise, and Subject 7, a young woman who exercised 
vigorously each summer. 

For a few days preceding and throughout the experiment, the subjects 
ate well balanced, meat-free diets of constant composition (with the ex- 
ceptions mentioned below). After the 5th day of the fourth ingestion 
period of Subject 2,40 gm. of sugar were added daily to his diet, since he 
had felt hungry although his diet supplied 3310 calories and 16.4 gm. of 
nitrogen. In order to determine the effect of high protein ingestion upon 
the retention of exogenous creatine, the diet of Subject 3 was changed for 
the eleventh ingestion period only to one somewhat more than 3-fold 
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SUBJECT | ---- 
~~12.79) 


(8.48)---__ _ 
(0.20) (0.22) 


(0.01) 


SUBJECT 5 
SUBJECT 2 (1223) (488) 
(0.10) — (315) 
(9.71) 
S| 7 DAYS (0.00) 


Fic. 1. Curves of 7 day urinary creatine-creatinine of adult males on a meat-free 
diet supplemented with creatine. The solid lines denote creatine output; the broken 
lines creatinine. The numbers in parentheses denote the gm. of creatine or creatinine 
excreted during the initial and final 7 day periods. The upward pointing arrows 
indicate the time of addition of creatine to the diet; the downward pointing arrows 
the time of its withdrawal. Subject 1 (1). Subject 2 ingested 7.6 gm. of creatine 
during his fifth ingestion period instead of the usual 7.0 gm. Subject 3 ingested 0.5 
gm. of creatine daily for 5 days preceding his daily ingestion of 1.0 gm. During his 
eleventh period of creatine ingestion his diet contained over 3 times as much protein 
as during the other periods. 


3.39) 
SUBJECT 10 

SUBJECT 9 


(0.26) _-- 
(0.43) 
SUBJECT 7 _ 
(8.80)- ~~ 
(0.62 
(0.00) 
SUBJECTS “------ (9.75) 


(0.71) 


— (8.81) 


SUBJECT I! 
(828)~. 


(0.2 043) 70aYS 


Fig. 2. Curves of 7 day urinary creatine-creatinine of normal, young women on 
a meat-free diet supplemented with creatine. The solid lines denote creatine output; 
the broken lines creatinine. The numbers in parentheses denote the gm. of creatine 
or creatinine excreted during the initial and final 7 day periods. The upward point- 
ing arrows indicate the time of addition of creatine to the diet; the downward pointing 
arrows the time of its withdrawal. The letter M indicates menstrual periods. Sub- 
ject 7 (1). Subject 10 ingested 0.5 gm. of creatine daily for 10 days preceding her 
daily ingestion of 1.0gm. Subject 11 ingested 7.2 and 7.4 gm. of creatine during her 
fourth and fifth creatine ingestion periods respectively instead of the usual 7.0 gm. 


302 


f 
a 


| 
| 
5 
\ 
| 
| 


E. HYDE 303 


higher in protein. The diets of Subjects 5 and 10 were not invariably 
constant, though practically so, and were at all times free of meat and 
of meat extractives. 


SUBJECT 12 


(0.47) 
(612) 


1030) — 


(0.71) 


Fig. 3. Curves of 7 day urinary creatine-creatinine of non-menstruant, adult 
females on a meat-free diet supplemented with creatine. The solid lines denote 
creatine output; the broken lines creatinine. The numbers in parentheses denote 
the gm. of creatine or creatinine excreted during the initial and final 7 day periods. 
The upward pointing arrows indicate the time of addition of creatine to the diet; the 
downward pointing arrows the time of its withdrawal. Subject 10’ is Subject 10 
(Fig. 2) after a period of 16 years. Subject 12 had a bilateral oophorectomy without 
implants 2 years preceding this experiment. The other subjects had passed the 
normal climacteric. 


(4.9) 


(0.69) 


SUBJECT 
(0.68) 


Fic. 4. Curves of 7 day urinary creatine-creatinine of 10 vear-old twins on a meat- 
free diet supplemented with creatine. The solid lines denote creatine output; the 
broken lines creatinine. The numbers in parentheses denote gm. of creatine or 
creatinine excreted during the initial and final 7 day periods. The upward pointing 
arrows indicate the time of addition of creatine to the diet; the downward pointing 
arrows the time of its withdrawal. Subject 15 is male, Subject 16 female. 


In each case there was a preliminary period which served to show the 
normal excretion of creatine and creatinine by each subject; a creatine 
ingestion period; and, in all but three cases (Subjects 5, 8, and 9), an after 
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period. Creatine, c.p., obtained from the Eastman Kodak Company and 
recrystallized was used. The creatine was assayed by determining the 
amount of creatinine it formed upon dehydration and, in some instances, 
by determining its nitrogen content. Analyses showed it to be free of 


creatinine. 
During the ingestion periods 1.0 gm. of anhydrous creatine (Subject 3, 
9, and 10) or the equivalent in creatine hydrate was administered daily to 


TABLE I 


Calculated Creatine Retained and *‘Retained Creatine’? Changed to Creatinine by 
Adult Males during First 5 Weeks of Creatine Ingestion 


The figures for creatine are expressed as creatinine. The creatinine coefficient 
given is that of the period preceding the ingestion of creatine. Extra creatinine 
refers to the difference between the preformed creatinine output expected, based upon 
the output of the preliminary periods, and the total preformed creatinine output 
during the experimental period of 7 weeks. The term “‘retained creatine’’ denotes 
the creatine not excreted as such. 


| Creati- tine in- | tine re- Ingested Extra 
Subject No. Muscle status nine | gested | tained | creatine | creati- | tine” 
coeffi- | per kilo per kilo) retained |_Bine ted 

cient | | excreted Gre. 

w 

eight | weight atinine 

gm. gm. percent gm. | percent 


1.* Young male, 72.5 | Above average | 24.5 0.40, 0.40 100.0 3.17 10.9 
kilos, height 177.8 
em. 


2. Young male, 58.4 28.2 | 0.53 0.52 | 98.9 | 3.30 | 10.87 
kilos, height 170.2 | | 


ecm. 
4. Young male, 67.4 | Average 2: 2.2 | 2.19 | 10.0 
kilos, height 182.9 


te 
gr 
to 
~J 
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cm. 
5.¢ Young male, 59.0 | Poor 11.8 0.51 | 0.16 —=« 30.5! 0.00) 0.0 
kilos, height 182.2 | | | | 
cm. | | | 
6. 7Oyr. male, 62.2 kilos, Average 18.9 | 0.49 0.38 | 79.1) 2.14) 9.0 


height 167.6 em. 


* Taken from the experiments of Rose and coworkers (1). 
+ With muscular dystrophy. 


the adults with the exceptions described below; creatine hydrate equivalent 
to 0.5 gm. of creatine was administered daily to the children. The creatine 
was taken in milk or in water in two equal doses, one with breakfast, one 
with luncheon, except in the experiments with Subjects 3, 9, and 10. In 
these cases the entire dose was taken with luncheon. In the experiments 
with Subjects 3 and 10 the daily ingestion of 0.5 gm. of creatine preceded 
for 5 and 10 days respectively the daily ingestion of 1.0 gm. During the 
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fifth ingestion period Subject 2 ingested 1.10 gm. of creatine daily for 5 
days and 1.04 gm. daily for 2 days. During the last 2 days of the fourth 


TABLE II 


Calculated Creatine Retained and ‘‘Retained Creatine’ Transformed into Creatinine by 
Adult Females during First 5 Weeks of Creatine Ingestion 


The figures for creatine are expressed as creatinine. The creatinine coefficient 
given is that of the period preceding the ingestion of creatine. Extra creatinine 
refers to the difference between the preformed creatinine output expected, based 
upon the output of the preliminary periods, and the total preformed creatinine output 
during the experimental period of 7 weeks. The term ‘‘retained creatine’’ denotes 
the creatine not excreted as such. 


| Crea- | Crea- 
_Creati- tine in-| tine re-|  In- Extra tained 
nine gested | tained | gested | creati- tine”’ 
c 


Subject No. Muscle status ° | per kilo per kilo creatine! nine 


cient |retainedjencreted as cre- 
| | atinine 
gm. gm. | per cent gm. | per cent 


7.* Young female, 72.5 Above average | 17.8 0.40 | 0.34 $84.2 4.93 | 20.1 
kilos, height 172.7 | | | 


cmi. 

Young female, 64.5 20.3 0.47 | 0.36 76.6 | 2.48 | 10.7 
kilos, height 157.5 | | | | 
em, | 

9+ Young female, 70.7 Average 17.7 0.43 | 0.23 | 54.2 0.65! 4.0 
kilos, height 172.7 | 0.23] 1.4 
em. | | | | 

10. Young female, 60.3 “* 16.9 | 0.57 | 0.30 | 52.5 0.86) 4.7 
kilos, height 157.5 — | | | | | | 
cm. | | | | 

10.’ No. 10 after 16.2 | 0.54 | 0.29 | 54.0 | 1.57 | 9.6 


| 
yrs. after meno- | 
pause, 56.4 kilos | | 

11.t Young female, 54.6.5“ 21.9 | 0.56 | 0.34 | 59.7 | 2.52 | 13.8 
| 


kilos, height 167.6 — 2.07 | 12.0 
cm. | | 

12. 39 yr. female, 75.0) | 15.9 | 0.40 | 0.21 | 53.2 | 0.85 | 5.3 
kilos, height 162.6 | | | 
cm. | | | 

13. 59 yr. female, 70.77) “ 12.4 | 0.43 | 0.17 | 40.2 | 2.48 | 20.4 


kilos, height 152.4 | | | 
em., 8 yrs. after | | | 
menopause 


* Taken from the experiment of Rose and coworkers (1). 


t Calculations based on a fore period of 28 and of 14 days in the order named. 
t 2 vears after bilateral oophorectomy without implants. 


and the first 2 daysof the fifth ingestion period, Subject 11 ingested 1.10 gm. 
of creatine daily; during the following 4 days she ingested 1.04 gm. daily. 
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In the experiments with Subjects 2, 8, 11, 12, 13, and 10’ the urinary 
inorganic phosphorus was determined daily. The methods of urine ecol- 
lection and the analytical procedures used in determining the daily output 
of urinary nitrogen, total and preformed creatinine, and phosphorus were 
those described earlier (2). Qualitative tests made for pathological 
constituents in the urine were always negative. 

The successive 7 day urinary output of creatine and creatinine by each 
of the subjects is shown in Figs. 1 to 4. Time in 7 day periods is plotted 
as abscissae, and gm. of urinary creatine and creatinine excreted during 
the corresponding 7 days as ordinates. In Tables I to III are summarized 
data regarding the amounts of creatine ingested and metabolized during 


TABLE III 


Calculated Creatine Retained and ‘‘Retained Creatine’ Transformed into Creatinine by 
10 Year-Old Twins during First 5 Weeks of Creatine Ingestion 

The figures for creatine are expressed as creatinine. The creatinine coefficient 
given is that of the period preceding the ingestion of creatine. Extra creatinine 
refers to the difference between the preformed creatinine output expected, assuming 
that the initial creatinine coefficient would be maintained in relation to the propor- 
tion of increased weight which might be muscle tissue, and the total preformed 
creatinine output during the experimental period of 7 weeks. 


Creat- | I ted Extra tained 
Muscle inine | | retained | | creati- | creatine’ 

Subject No. | perkilo | creatine | 

status | coeffi- | body | body | retained nine 1 excreted 

cient excrete as cre- 

weight | w Ant 
gat eight | atinine 
um gm. | percent) gem. | percent 


15. 10 yr. boy, 31.5 kilos, |) Average 21.6 0.48 0.13 | 27.9 0.39 |! 9.3 
height 137.8 em. | | 

16. 10 yr. girl, 31.4 kilos, = 21.1 | 0.48 | 0.12 | 25.7 | 0.74 | 19.1 
height 139.7 em. 


the first 5 weeks by each of those subjects who ingested creatine for 5 weeks 
(this precludes Subject 14), and who had a fore period of 2 (Subject. 10, 
approximately 2) weeks (this precludes Subject 3). Quantities of creatine 
are always expressed in terms of creatinine values. The difference between 
the preformed creatinine output expected, based upon the fore period 
output, and the total preformed creatinine excreted during the 7 weeks 1s 
called extra creatinine. For Subjects 9 and 11 calculations based on both 
a fore period of 4 weeks and, as with all of the other subjects, a fore period 
of 2 weeks are given to illustrate that the creatine metabolism of these 
young women varied throughout a menstrual cycle to such an extent that 
there is a considerable difference in the calculated amounts of extra 


creatinine depending upon the extent of the fore period used. Data for 
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longer fore periods were not available in the other cases. The term “re- 
tained creatine’’ denotes the creatine not excreted as such. 


DISCUSSION 
Experiments with Adults 


In Regard to Retention of Ingested Creatine—Since approximately the 
same amount of creatine (1.0 gm.) was ingested daily by each subject, the 
percentage of creatine retained by each during the first 5 weeks of ingestion 
will serve to show his creatine tolerance. With the exception of Subject 
1 (1), the tolerance of each was exceeded. Subject 1 ingested somewhat 
less creatine in proportion to body weight than did the other males. 
The young men who were accustomed to vigorous exercise surpassed the 
other subjects in creatine tolerance and in the amount of creatine retained 
in proportion to body weight. Next in order of creatine tolerance was one 
of the young females with well conditioned muscles. However, in respect 
to the amount of creatine retained per kilo of body weight, she was sur- 
passed by the other young woman with above average musculature, and 
by the 70 year-old man, and equaled by a thin young woman with average 
musculature, although their creatine tolerances were from 5 to 25 per cent 
less. The muscular dystrophic male and the 59 year-old women showed 
the lowest tolerance for the exogenous creatine. In this respect Subject 13 
who had been somewhat athletic in her youth was not different from her 
less active contemporary during the 4 weeks in which the latter ingested 
creatine. The tolerance of the oophorectomized woman was equivalent 
to the tolerances of the normal voung women with average musculature. 
16 vears of aging and the cessation of the menses did not diminish the 
ability of the middle-aged woman to retain the ingested creatine. 

These data do not suggest any correlation between normal creatinuria 
on meat-free diets and capacity to retain exogenous creatine. The 70 year- 
old man retained more creatine than one of the normal young men and 
more than the women, with one exception, and yet his normal creatinuria 
exceeded that of the young man and was comparable to that of the voung 
women. The normal creatinurias of the oldest women were in the range 
of those of the younger women who showed a much greater creatine 
tolerance. It is puzzling that persons who exhibit creatinuria on diets 
practically free of creatine should retain relatively large amounts of in- 
gested creatine. An explanation may be that some of the difference 
between the total and preformed creatinine, reported as creatine, is due to 
other substances which respond to the Jaffe reaction. In some experi- 
ments carried out by the author significantly greater amounts of so called 
creatine were excreted by two subjects when extra ascorbic acid, either as 
such or as orange juice, was added to their otherwise constant diet. 
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The oldest women and the young male with muscular dystrophy had 
the lowest creatinine coefficients.' However, no other example of a 
parallelism between creatine tolerance and creatinine coefficient can be 
observed from these data. 

In Regard to Transformation of ‘Retained Creatine” into Creatinine—The 
increased excretion of preformed creatinine during the ingestion of creatine, 
the continuance of this increase for several days of the after period, and 
then its gradual decrease to the fore period level indicate an increased 
dehydration of creatine associated with its ingestion. Since some of the 
subjects changed somewhat in body weight, an error is involved in ¢al- 
culating the expected preformed creatinine output on the basis of the 
amount excreted during the preliminary periods. However, the only 
appreciable weight changes were those of Subject 11, who gained 3.1 kilos 
if the 4 week fore period is considered, and of Subject 10’, who gained 2.3 
kilos. 

The amounts of extra creatinine excreted as well as the amounts of 
“retained creatine’? changed to creatinine differed considerably. In gen- 
eral those who retained the largest amounts of the creatine supplement 
excreted the largest amounts of extra creatinine; yet these data do not 
indicate any consistent relationship between creatine retention and dehy- 
dration. The muscular dystrophic male exhibited no continuous increase 
in preformed creatinine excretion, while the amount of extra creatinine 
excreted by one 59 year-old woman (Subject 13) was in the range of 
amounts excreted by one young man, by the 70 year-old man, and by two 
young women each of whom showed a much greater creatine retention. 
The amount of extra creatinine excreted by the oophorectomized woman 
was small but that was also true in the case of two normal young women. 

On the basis of these data the creatinine coefficient of an individual is 
not an index of ability to dehydrate exogenous creatine. 

In Regard to Fluctuations in Urinary Creatine and Creatinine —In the 
case of the young women the premenstrual periods which occurred after 
several days of creatine ingestion were characterized by decreases in 
creatinuria, and the postmenstrual periods by striking increases in creati- 
nuria. This suggests a relationship between the menstrual cycle and crea- 
tine metabolism. However, there were some fluctuations in the creatinuria 
of the oophorectomized woman, of the non-menstruant women, of some 
of the men, and of the children. 

The output of preformed creatinine by the young women was not as 
regular as that of the men. In some cases there was a definite decrease 
during a postmenstrual period, but these decrements were not equivalent 
to the extra creatine excreted at such times. 


1 Mg. of preformed creatinine per kilo per day. 
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In Regard to Urinary Inorganic Phosphorus—No uniformity in the vari- 
ation in urinary inorganic phosphorus associated with the retention of 
supplementary creatine was observed. The urinary inorganic phos- 
phorus of Subjects 11 and 13 increased somewhat during the experiment. 
The total urinary inorganic phosphorus of Subjects 2, 8, 10’, and 12 was 
2.28, 5.62, 1.72, and 2.50 gm. respectively less than the amount expected 
according to the fore period output of each, and the creatine retained (ex- 
pressed as creatine not excreted as such or as extra creatinine) by these 
subjects was 31.37, 23.95, 17.09, and 17.63 gm. in the order named. The 
urinary inorganic phosphorus of Subject 2 returned to the fore period 
level during the after period; that of Subjects 10’ and 12 did not, although 
in each case it increased somewhat. There was no after period in the 
experiment with Subject 8. 


Kxperiments with 10 Year-Old Twins 


In Regard to Retention of Ingested Creatine—It is interesting that the boy 
and girl did not differ significantly in ability to retain exogenous creatine. 
Each gained in weight and in height during the experiment. If new muscle 
cells constituted 40 per cent of the gain in body weight, sufficient creatine 
was retained by the boy to supply this muscle tissue, but in the case of the 
girl at least 50 per cent of the creatine for such an amount of newly acquired 
muscle tissue would have had to be supplied from some other source than 
the exogenous creatine. 

In Regard to Preformed Creatinine Output——The creatinine coefficients of 
these twins were at an adult level. In each case during the ingestion of 
creatine the preformed creatinine output increased slightly; during the 
after period it decreased but did not drop back to the fore period value. 
One would expect the creatinine coefficients of children to be maintained 
and possibly to increase as growth occurs. The extra creatinine of Table 
III is the actual extra preformed creatinine, as determined in the case of 
the adults, corrected on the assumption that in each case 0.4 of the increase 
in body weight was muscle tissue, and that the initial output of preformed 
creatinine in proportion to body weight was maintained throughout the 
experimental period. 


SUMMARY 


The daily urinary creatine, creatinine, and, in six cases, inorganic phos- 
phorus were determined before, during, and after the long continued ad- 
ministration of approximately 1.0 gm. of creatine daily to a representative 
group of men and women. Data from the experiment of Rose, Ellis, and 
Helming (1) are included. 

Two young males who were accustomed to rather vigorous physical 
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exercise retained more exogenous creatine than any of the other subjects. 
One of the women who was accustomed to vigorous exercise each summer 
exceeded the other women and two young men of average musculature in 
creatine tolerance. The young man with muscular dystrophy and the 
59 year-old women showed the lowest creatine tolerance. 

No correlation was shown between, on the one hand, the capacity to 
retain exogenous creatine and, on the other hand, the extent to which the 
retained creatine was dehydrated, the degree of creatinuria on a creatine- 
free diet, or the creatinine coefficient. 

The ability to transform ingested creatine into creatinine varied irre- 
spective of age, sex, muscle development, creatinine coefficient, or degree 
of creatinuria on a creatine-free diet. The creatinuria of adults, old or 
young, may not be explained by an inability to dehydrate exogenous 
creatine. 

Since most of the subjects exhibited some irregularity in the total 7 day 
output of creatine, the striking fluctuations exhibited by the young women 
in premenstrual and postmenstrual periods cannot be attributed exclu- 
sively to the menstrual cycle. 

Neither 16 years of aging nor the cessation of the menses had any 
significant effect upon the creatinine coefficient or the creatine tolerance of 
one woman. 

Decreases 1n urinary inorganic phosphorus, which were observed asso- 
ciated with the retention of creatine in some of the experiments in which 
the phosphorus output was studied, bore no apparent relation to the amount 
of supplementary creatine retained. 

0.5 gm. of creatine was administered daily for 5 weeks to a pair of boy 
and girl twins, age 10 years. Each retained about one-fourth of the in- 
gested creatine, and in each case an increased output of preformed creat- 
inine was associated with the ingestion of creatine. 


The author wishes to express her appreciation of the kindness of Professor 
R. K. Brewer of the Medical School of Syracuse University, of Professor 
C. L. A. Schmidt of the Medical School of the University of California, 
Berkeley, and of Dr. Genevieve Stearns of the Department of Orthopedics 
of the Medical School of the State University of Iowa, all of whom per- 
mitted the use of the facilities of their laboratories for some of these 
experiments. 
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SEXUAL HORMONES IN ACHLYA 
IV. PROPERTIES OF HORMONE A OF ACHLYA BISEXUALIS 


By JOHN R. RAPER* anp A. J. HAAGEN-SMIT 


(From the William G. Kerckhoff Laboratories of the Biological Sciences, California 
Institute of Technology, Pasadena) 


(Received for publication, December 6, 1941) 


The sexual reproductive process of Achlya ambisexrualis, a heterothallic 
form belonging to a well known and widely distributed genus of saprophytic 
aquatic fungi, is initiated and coordinated by means of specific substances 
(Raper, 1939, a). Four of these substances have been demonstrated 
(Raper, 1939, b, 1940) in the réles of initiators and coordinators of the 
various stages in the sexual process. 

The entire process is initiated by the secretion from the female plant of 
hormone A which brings about the formation of male sexual organ initials, 
thin thread-like filaments or antheridial hyphae, on the male plant. The 
antheridial hyphae then secrete the second of the specific substances, 
hormone B, which causes the formation of female sexual organ initials, 
oogonial initials, on the female plant. The oogonial initials, when fully 
formed, secrete the third substance, hormone C, which has two specific 
actions on the antheridial hyphae of the male: (1) It causes a directional 
growth of the antheridial hyphae, so that they grow to and become applied 
to the oogonial initial, the locus of the production of hormone C. (2) 
Once the tip of an antheridial hypha becomes applied to the walls of an 
oogonial initial, hormone C is necessary for the differentiation of the small 
male sexual organ, the antheridium. Finally, after they are differentiated 
from the antheridial hyphae, the antheridia secrete a fourth specific sub- 
stance, hormone 1), which brings about the differentiation of the female 
sexual organ, the oogonium, from the oogonial initial. The differentiation 
of gametes and the process of fertilization follow to form oospores (zygotes). 

The discovery of this mechanism pointed to a number of possible lines 
of investigation. Of these possibilities, that relating to the chemical 
nature and identity of the several specifie substances was particularly 
interesting to the authors of the present account. The first of the four 


* Report of work carried out with the aid of Works Progress Administration, 
Official Project No. 165-1-07-172, Work Project No. N-12165. The authors wish to 
acknowledge the valuable assistance of Mr. Harvey W. Tomlin in the culturing and 
testing necessary to the work. 

This investigation was made during the tenure of a National Research Fellowship 
in Botany. 
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specific substances, hormone A, has been the subject of this work for three 
reasons. (1) Of the four hormones it alone is secreted by the entire vegeta- 
tive plant and not by specialized organs; hence probably in the greatest 
quantity. (2) Its activity in controlling the initial reaction in the sexual 
process makes it of first importance. (3) A method of quantitative de- 
termination, biological assay, for this substance has already been worked 
out (Raper, 1942). 

The present paper reports the results of the work done on the problem 
of the properties of hormone A during the stay of the senior author in these 
laboratories. The work is being continued at present in these laboratories. 


Materials and Methods 


It is known from previous work that two species of Achlya in which hor- 
mones have been demonstrated, A. ambiserualis and A. bisexualis, are 
incompatible. Incompatibility results from specificity of certain of the 
hormones secreted by the two plants. Hormone A of either species brings 
about the production of antheridial hyphae on the male plants of both 
species. However, the male plant of A. ambisexrualis is the more vigorous 
of the two and it reacts much more strongly in the filtrate from the female 
plant of A. bisexualis than in that from the female of the species to which 
it belongs. Whether the greater activity brought about by the filtrate 
of A. biserualis female is due to minor differences in the chemical nature 
of the specific substances secreted by the two species or to the greater 
quantity produced by this plant is an interesting question, for which the 
answer is not known. In either case the quantitative test for hormone 
A of A. bisexualis is more sensitive than for the corresponding hormone of 
A. ambisexualis, since the method of assaying depends on the intensity of 
the reaction induced in the male plant. 

The female plant of Achlya biserualis, therefore, has been used ex- 
clusively as the source of hormone A in the present study. It is the opinion 
of the writers that the initial hormones of the two plants will eventually be 
shown to differ slightly from each other in chemical composition. 

The male plant of Achlya ambiserualis has been used in all cases in 
testing for hormone A. 

Technique of Culturing Female Plant-— A large number of natural products 
of plant and animal origin have been tested with the male test plants in 
the hopes of finding a source of the hormone other than the female 
mycelium. In all cases the results have been negative. Preliminary work 
also showed that the quantity of hormone secreted by the female plant was 
exceedingly small. As a consequence large amounts of the fungus have of 
necessity been grown in the laboratory to furnish the material necessary 
for extended work. 
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Bottles of 20 liters capacity, such as are used to distribute distilled or 
mineral water, have been found satisfactory as culture vessels. 18 liters 
of distilled water containing low concentrations of several salts (IKH2PQOu,, 
M/3 10*; MgSO, M/8 & 104; ZnSO,, M/107; CaCl, m/10°; and FeCls, 
m/10°) were poured into each bottle. The bottles and the dilute salt 
solution were then sterilized in a large horizontal drum with live steam at 
atmospheric pressure for 5 hours. Upon cooling, 100 gm. of halved hemp- 
seed! and 250 ec. of water in which they had been boiled were added to 
each bottle. At the same time a sterilized solution of 350 to 400 mg. of 
malonic acid was added to each bottle, the addition of this acid in the 
concentration of 20 to 30 mg. to each liter of culture medium having been 
shown to increase greatly the production of hormone A by the female 
plant (Raper, 1942). The culture was then inoculated by adding to each 
bottle a fully matured mycelium of the female plant grown on a half hemp- 
seed in a small Erlenmeyer flask in 10 ce. of water. Such a mycelium has 
a large number of sporangia and chlamydospores which within a few hours 
liberate millions of zoospores, each capable of germinating to form 
a mycelium. 

A sterile aeration tube was placed in each bottle with sterile cotton form- 
ing a plug. A piece of pressure tubing was used to connect the aeration 
tube to an outlet of the compressed air line. The upper portion of the 
aeration tube was packed with glass wool to entrap any microorganisms 
blown into it from the air line. For the first 2 or 3 days of incubation 
only a small stream of air was blown through the culture and the hemp- 
seed remained at the bottom of the bottle and became uniformly covered 
with the young germlings. A strong stream of air was then blown into 
the culture until the somewhat matted mass of seed and fungus was broken 
up into individual seeds and their attached mycelia. The cultures were 
then incubated for 10 to 12 additional days with a sufficient stream of air 
bubbled through them to keep the mycelia separated and in constant 
motion. ‘The air stream method of stirring also served the necessary func- 
tion of keeping the water well aerated, a constant supply of oxygen being 
required for the vigorous growth of the organism. At the end of the 
incubation period the mycelia and seeds were removed from the liquid by 
filtering through a pad of cotton, the filtrate containing 500 to 1500 units 
of hormone A per ce. 

From the standpoint of hormone A content of these large cultures sterili- 
zation of the medium and the culture of the plant under aseptic conditions 


! The seeds were neatly split in quantity by a machine designed and built by Mr. 
Tomlin. Seeds boiled until the seed coats burst were found to be very inferior to 
split seed boiled only long enough to effect sterilization. On halved seeds the mycelia 
grew readily and vigorously. 
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are not absolutely necessary. When these precautions are not taken the 
fungus gets well started before bacterial contamination becomes apparent 
and the vigor of mycelial growth is only slightly affected. The hormone 
content of such a culture is decreased by a negligible amount. How- 
ever, the filtrate from contaminated cultures is so unpleasant to work 
with that the extra time and effort required to grow the source plant in 
pure culture are well spent. 

Biological Assay—The method of quantitative determination of hormone 
A has been described in a previous paper (Raper, 1942). The intensity of 
the initial male reaction, as measured by the relative number of antheridial 
hyphae produced on a male plant, is directly proportional to the concen- 
tration of hormone A. <A physiological unit of hormone A has been defined 
as that amount of hormone per ec. of water which will bring about the 
production of an average of ten antheridial branches per 3 mm. of hyphal 
tip on 72 hour male tests plants, at 25°, at pH 6.0, when the concentration 
of dissolved electrolytes does not exceed 0.001 M, and at the time of maximal 
male sensitivity. Light has not been shown to affect the reaction. 

One modification has been made in the test. It was shown that the 
sensitivity of the male test plants to hormone A varies greatly at different 
times. This variation is not a strict diurnal rhythm and no means has 
been found whereby it can either be eliminated or stabilized at 24 hours. 
It has been found, however, that plants left in a hormone A solution for 
24 hours produce no greater number of antheridial hyphae than are pro- 
duced in the same solution in a 2 hour period at the time of maximal sen- 
sitivity. After 24 hours in the test solution those antheridial hyphae pro- 
duced first are extensively branched but only the original branches (arising 
directly from the parent vegetative hyphae) were counted. Even so there 
was still slight variation from day to day, but this variation seldom ex- 
ceeded 25 per cent deviation from the mean. ‘To correct for this variation, 
controls containing hormone A in the concentrations of 0.6, 6.0, and 60 
hormone A units per ec. were tested simultaneously with each unknown 
sample. These control solutions were respectively 107% dilu- 
tions of the acetone-soluble material from concentrated female filtrate. 
This standard solution, used throughout the work, contained 6 & 10° 
hormone A units per ce. Each sample was tested in a series of at least 
five dilutions, a factor of 10 between the concentration in the members of 
the series. From the counts thus obtained the amount of hormone A (in 
physiological units) contained in any sample could be calculated. 


Properties of Hormone A 


A number of attempts have been made during 2 vears to isolate hormone 
A as a chemically pure compound. While this objective has not been at- 
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tained, many pertinent facts about the properties of the hormone have been 
determined. ‘Those most likely to be of help in future work on isolation 
are given below. 

Solubilities--The solubilities of the active substance in the more common 
organic solvents are as follows: (1) very soluble in methyl alcohol, ethyl 
aleohol, acetone, diethyl ketone, ethylpropyl ketone, dioxane, acetic acid, 
acetic anhydride, methyl acetate, pyridine, and chloroform; (2) slightly 
soluble in ethyl acetate, propyl alcohol, amyl alcohol, ethyl ether, carbon 
tetrachloride, toluene (90-100°), and water (100°); and (3) insoluble in 
toluene (cold), water (cold),? petroleum ether, ligroin, benzene, and carbon 
disulfide. 

Metallic Precipitation—-- Hormone A is not precipitated by ions of heavy 
metals. Since the active substance is not soluble in water, a modification 
of the usual procedure has been tried. To an alcoholic solution contain- 
ing the active substance was added an equal volume of saturated solution of 
the acetate of the metal in aleohol. This mixture was then diluted with 3 
times its volume of distilled water and cooled to 0-5° for 24 to 48 hours. 
When this procedure was used, the acetates of cadmium, lead, copper, 
barium, and mercury, as well as phosphotungstic acid, all gave precipitates. 
In all cases, however, the greater percentages of activity remained in the 
filtrates. Only in the case of phosphotungstie acid precipitation (in the 
presence of sulfuric acid) did recovery approximate 100 per cent. The loss 
of activity in the other instances was apparently due to adsorption of the 
active compound on the precipitates which were formed. The only sat- 
isfactory eluting solvents, alcohol and acetone, however, dissolved a large 
portion of the precipitates. Thus of the heavy metals tried only phos- 
photungstic acid can be used to advantage in the purification of the 
hormone. 

Adsorption The active substance can be adsorbed on a number of 
materials. Adsorption on norit is very strong from water (very low con- 
centration of the hormone) and ethyl ether. However, acetone elutes only 
about 25 per cent of that adsorbed, and with a mixture of acetone-water- 
ammonium hydroxide a maximum of 50 per cent is recovered. Adsorption 
is also strong on aluminum oxide from water, ether, chloroform, and carbon 
tetrachloride. From this material the activity can be recovered quanti- 
tatively by elution with acetone. On silica hydrate adsorption is slight 
from ether and carbon tetrachloride and the recovery is complete. There 
was no adsorption on calcium carbonate from any of the solvents used. 
Considerable enrichment of the active principle could be attained by ad- 


? Hormone A is physiologically active in exceedingly low concentration and, of 
course, it is sufficiently soluble in cold water to give a solution of the necessary con- 
centration for maximal physiological activity. 
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sorption on aluminum oxide. On this material the active and a large por- 
tion of the inert material was adsorbed at the same level in a Tswett column 
and enrichment depended almost entirely on the fact that the active ma- 
terial can be eluted with acetone, whereas a stronger eluting agent is re- 
quired to remove the inactive material. 

When a Tswett column of aluminum oxide on which the material had been 
adsorbed was examined under ultraviolet light, no fluorescence could be 
detected. 

Acid and Base Relations Hormone A is stable to both acid and base. 
When solutions containing the active principle were treated with LO per 
cent HeSO, and 10 per cent KOH for 24 hours at 25°, no decrease in ac- 
tivity resulted in either case. 

Likewise the hormone is soluble neither in dilute acid, nor in dilute base. 
The active principle is neutral, since it cannot be extracted from ether solu- 
tion either by repeated partitions with 5 per cent KOH or with 5 per cent 
HCl. 

Ketone and Aldehyde Reactions When an alcoholic solution containing 
the active substance is treated with trimethvlacethvdrazide ammonium 
chloride (Girard and Sandulesco, 1936) according to the procedure of Petit 
and Tallard (1939), only 30 to 40 per cent of the activity could be extracted 
from the alcoholic reaction mixture (non-ketone fraction). However, after 
hydrolysis for 1 hour with 0.5 nN HCl, the remaining 60 to 70 per cent of the 
active material was extractable in ethyl ether (ketone fraction). When 
the non-ketonic fraction was treated a second time with the reagent, prac- 
tically all of the activitv was again found in the non-ketonic fraction, the 
activity in the ketonic fraction being negligible. 

These results indicate two possibilities: (1) Two compounds, one ketonic, 
the other non-ketonic, each having activity in inducing antheridial hyphal 
formation are secreted by the female plant. (2) A single active compound, 
a ketone, is present but its separation was incomplete. 

The second of the two possibilities seems likely in view of the fact that no 
other indication of the presence of two active compounds has been en- 
countered elsewhere in the work. 

Another indication of the ketonic nature of hormone A is that complete 
inactivation can be brought about by reaction with 2,4-dinitrophenvlhy- 
drazine. A gummy precipitate is formed with this reagent, but neither the 
precipitate nor the filtrate (from which the excess reagent had been re- 
moved) gave any effect when tested with male plants. 

Inactivation—-T'wo means have been found of inactivating hormone A in 
addition to that mentioned above. Temperatures in excess of 130° bring 
about complete inactivation. In attempts to purify the maternal by 
micro distillation 7n vacuo (0.01 mm. of Hg), fractions distilling over below 
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this temperature were inactive, and at 125-130° the residues were likewise 
inactive. 

A more thermostable derivative was desired and a reaction with diazo- 
methane was carried out. Complete inactivation resulted and no means 
was found of recovering the activity. 


TaBLe 
Procedure of Chemical Fractionation of Female Filtrate for Enrichment of Hormone A 


| Total 
Treatment | Active fraction | A Inactive fraction 
units X 10° 
gm. 
Original (393 1872 4.7 X 10° 
filtrate 
Vacuum-distilled Crude con- 393 1872 4.7 X 10 | Distillate 
centrate 

Acetone Filtrate 163 1840 1.13 X 104 | Ppt. 
Saturated NaCl Acetone 53 1834 3.45 & 10* | Water 
Petroleum ether extrac- | Water 48 1834 3.75 & 10* | Petroleum 

tion ether 
Ethyl ether extraction Ether 4.5 1830 4.0 X 105 | Water 
5% HCl wash " 4.1 1830 4.5 xX 10° | HCl 
5% KOH 0.554 1830 3.3 10° | KOH 
Toluene, 100° Soluble 1774 Residue 
Chilled to 0° Ppt. 0.113 1700 1.54 * 107 | Filtrate 
Phosphotungstic acid Filtrate 0.063 1625 2.6 X 107 | Ppt. 
Adsorbed on Al,O; Adsorbed 1600 Filtrate 
Eluted with acetone Eluate 0.013 1575 1.21 & 10% | Residue 
Dissolved in chloroform, | Ppt. 0.0042 700 1.66 <X 108 | Filtrate 

ether-petroleum ether | 

added at —S80° | | 
Dissolved in H,0 at 100°, Water 700 3.5 108 | Residue 

| (Ca.) | 


Chemical Fractionation 


A representative chemical fractionation will be given to illustrate the pro- 
cedure followed in attempts to isolate the active compound. The pro- 
cedure is outlined in Table I. 

The filtrate from eighty 18 liter cultures of the female plant (1440 liters) 
was collected over a period of 2 months. The hormone content varied be- 
tween 1000 and 1500 hormone A units per cc. of filtrate with an average 
of 1300 hormone A units per cc. The starting material thus contained 
1.872 * 10° units of hormone A. 

Concentration—Each week’s collection of filtrate (180 liters) was con- 
centrated in a large metal still (with continuous feed) at 25 to 30 mm. pres- 
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sure to approximately 1/200 its original volume. The solid material in the 
combined concentrates of the 8 weeks weighed 393 gm. and noactivity was 
lost during concentration. 

Acetone Precipitation—To the 7 liters of concentrate was added an equal 
volume of redistilled acetone and the temperature of the mixture was 
lowered and kept at 0° for a week. A precipitate of 230 gm. contained 3.2 
<x 107 units. The filtrate contained 163 gm. of solid material which had a 
total activity of 1.84 & 10° units, an enrichment of 2.5 times. 

Acetone-Water Partitton—The acetone-water filtrate was then saturated 
with NaCl and the mixture allowed to separate into acetone and water 
layers. The water layer was shaken with two additional washes of acetone 
and these were combined with the original acetone layer. The acetone 


' solution thus obtained contained 53 gm. of solid material with 1.834 x 


10° units. 

Extraction with Petroleum Ether—The acetone solution was boiled down 
and the residue suspended in 2 liters of water. This was transferred to a 
continuous extractor and extracted exhaustively (2 davs) with petroleum 
ether (boiling range 40—60°). The activity remained quantitatively in the 
water layer, whose solid content was reduced to 48 gm. 

Extraction with Ethyl Ether— The water suspension was then exhaustively 
extracted with ethyl ether fora week. (The ether was purified by standing 
over CaCl, for a week, filtered, and allowed to stand over metallic sodium 
from which it was distilled. Ether obtained by other methods of puri- 
fication caused a great loss of activity.) This ether extract contained 4.5 
gm. of solid material and activity of 1.83 10° units. 

Acid Wash—The ether extract (2 liters) was then washed with six 100 ce. 
portions of 5 per cent HC! followed by two 100 ce. portions of water. 400 
mg. of completely inactive material were thus removed, the active material 
remaining in the ether. 

Alkali Wash—The ether extract was then washed with six 100 ec. por- 
tions of 5percent KOH. Again the activity remained in the ether fraction. 
The ether was boiled off and the reddish residue weighed 554 mg. and had 
activity of 1.83 & 10° units. The active material in this residue was then 
700 times more concentrated than in the original material. 

Solution in and Precimtation from Toluene—-The residue was then heated 
on a water bath at 90—-100° with three 10 ce. portions of toluene.  Practi- 
cally all of the active material was soluble. The toluene solution was con- 
centrated to about half its original volume and then placed in an ice-salt 
bath at 0°. A reddish yellow gelatinous precipitate weighing 113 mg. with 
activity of 1.7 X 10° units was obtained. At this time the active material 
had been enriched more than 3000 times. 

Phosphotungstic Acid Preciyitation—The precipitate from cold toluene 
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was then taken up in 5 ce. of purified ethyl alcohol. (The alcohol used was 
refluxed with powdered zine for 10 hours, distilled, refluxed with CaO for 
12 hours, and again distilled. Aleohol obtained by other treatments caused 
loss of activity.) To th alcoholic solution were then added 5 ec. of a 20 
per cent solution of phosphotungstic acid in alcohol. To this were added 
20 ce. of 5 per cent sulfuric acid in water, and the mixture kept at 0° for 
24 hours. ‘The precipitate was removed by centrifugation, dissolved in 
alcohol, and reprecipitated. Materials in the combined filtrates and in the 
precipitate were then recovered by the methods described by Kégl and 
Ténnis (1936). The filtrate contained 63 mg. of material with activity of 
1.625 &* 10° units. The active substance had now been concentrated more 
than 5000 times. 

Adsorption on Aluminum Owide— After the solvent was removed from the 
filtrate, the residue was dissolved in 10 ec. of chloroform. To this was 
added 1 gm. of finely pulverized aluminum oxide which had been heated 
strongly for 5 hours immediately before use. -The flask containing the 
chloroform solution and the alumina was kept in constant motion for 12 
hours. At this time the aluminum oxide was filtered off. The chloroform 
filtrate contained no activity. The alumina was then shaken with three 
10 ec. portions of acetone. 13 mg. of material were recovered from the 
adsorbing agent in the acetone and its activity assayed at 1.57 « 10° units. 
Additional elution with acetone-water-ammonium hydroxide vielded 45 
mg. of inert substances. The residue of the acetone eluate contained the 
active material enriched about 25,000 times. 

Precipitation from Chloroform and Ether ‘The yellowish residue was dis- 
solved in 0.2 ec. of chloroform. ‘To this was added 0.8 ec. of a mixture of 
ethyl ether and petroleum ether. The solution was then placed in an al- 
ceohol-carbon dioxide bath at — 80° for 6 hours. The solvent mixture was 
then filtered off, leaving 4.2 mg. of a creamy white flocculent precipitate. 
In this particular case approximately equal amounts of activity, 7 * 108 
units, went into the two fractions. The greater part of the activity in the 
filtrate was recovered by repetition of the precipitation, but subsequent 
precipitates contained a much higher percentage of inert material. At 
other times a much higher percentage of the active material had been 
precipitated out in the initial chilling. Even so the concentration of active 
material in the precipitate was 35,000 times that in the original material. 

Solution in Hot Water ‘Vhe active substance was then dissolved in three 
1 ee. portions of botling water. After the water was boiled off, the filtrate 
of partially crystallized creamy white material weighed approximately 2 
mg. with activity of 7 & 10° units. 

The active material in this residue had been enriched slightly more than 
70,000 times as compared with the dry weight of the starting material and 
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the residue caused the male test plant to produce antheridial hyphae in the 
concentration of 10-”. 

Crystallization from water and from toluene yielded two crystalline sub- 
stances (m.p. 155°, 218°) both of which were inactive, the activity in both 
cases remaining in the mother liquor. 


SUMMARY 


1. The hormonal coordinating mechanism of the sexual process in Achlya 
is briefly reviewed. 

2. A technique is described for culturing the female plant of Achlya 
bisexualis in sufficient quantity to furnish material for the chemical study of 
hormone A. 

3. A modification of the biological assay for hormone A is described. 

4. Many of the properties of hormone A have been determined: (a) 
solubilities in common organic solvents, () adsorption, (c) stability, (d) in- 
activation, and (e) reactions with certain reagents. 

5. A procedure is described whereby enormous enrichment of the active 
principle has been achieved. 
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PANTOTHENIC ACID DEFICIENCY STUDIES IN DOGS* 


By A. E. SCHAEFER, J. M. McKIBBIN, anno C. A. ELVEHJEM 
(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison) 
(Received for publication, January 10, 1942) 


The importance of pantothenic acid in the nutrition of the dog was sug- 
gested by early studies in this laboratory (1), by Morgan and Simms (2), 
and by Fouts et al. (3). In all of these studies highly purified rations were 
supplemented with thiamine, riboflavin, nicotinic acid, and pyridoxine 


-or concentrates of pyridoxine. Since these rations would permit survival 


only when supplemented with liver or yeast extracts, the general conclusion 
was reached that a ‘filtrate factor’? was required in addition to the first 
four synthetic vitamins. An attempt to identify this factor with panto- 
thenic acid was made in this laboratory (4) by treating active liver extracts 
with alkali or extracting them with acid ether. Deficiencies produced by 
rations thus supplemented were remedied by highly purified pantothenic 
acid concentrates from liver extract. Since the availability of synthetic 
pantothenic acid, no reports have been made on responses of dogs to the 
pure vitamin. In this paper we wish to describe pantothenic acid defi- 
clency as seen in this laboratory, the response to synthetic pantothenic 
acid, and some preliminary results on the biochemistry of pantothenic 


acid deficiency. 
EXPERIMENTAL 


Weanling mongrel puppies and older growing dogs were used in these 
studies. The basal su¢rose-casein ration used in this laboratory for all 
vitamin B complex studies has been described (1). It consists of sucrose 
66 per cent, acid-washed casein 19 per cent, cottonseed oil 8 per cent, cod 
liver oil 3 per cent, and salt mixture 4 per cent. Since earlier studies 
have shown that dogs may be maintained with good growth on this ration 
supplemented only with thiamine, riboflavin, nicotinie acid, pyridoxine, 
pantothenic acid, and choline over rather long periods of time (5), it was 
decided to use such a synthetic supplement mixture without pantothenic 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. This work was supported in part by a grant from the Wisconsin 
Alumni Research Foundation. We are indebted to the Works Progress Administra- 
tion for assistance in the care of the animals and to Merck and Company, Rahway, 
New Jersey, for generous supplies of thiamine, riboflavin, nicotinic acid, pyridoxine, 


pantothenic acid, and choline. 
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acid. The basal ration was therefore supplemented with 100 y per kilo 
of body weight per day of thiamine and riboflavin, 2 mg. of nicotinic acid, 
60 y of pyridoxine hydrochloride, and 50 mg. of choline chloride. The 
vitamins were given twice weekly in aqueous solution. 

Blood samples for analysis were removed from the radial vein. Satu- 
rated sodium citrate filled the dead space in the syringe, serving as anti- 
coagulant. The blood sugar, non-protein nitrogen, and chlorides were 
determined on the Folin and Wu tungstic acid filtrates of the citrated blood. 
Plasma calcium and inorganic phosphorus were determined on trichloro- 
acetic acid filtrates of the plasma. Blood sugar was determined by the 
method of Benedict (6), non-protein nitrogen by that of Folin and Wu 
(7), and chlorides by the method of Whitehorn (8). Calcium was deter- 
mined by precipitation of calcium as oxalate and titration of the oxalate 
with standard potassium permanganate. Phosphorus was determined by 
the method of Fiske and Subbarow (9). All colorimetric determinations 
(sugar, non-protein nitrogen, and phosphorus) were done with the Evelyn 
photoelectric colorimeter. 

A litter of five weanling puppies and three adult dogs were placed on the 
basal ration. The animals ate the ration well and grew normally for 3 
or 4 weeks; then growth ceased abruptly, although food consumption was 
not appreciably decreased. Failure was extremely sudden and Dogs 213 
and 214 died before the deficiencies could be treated. Accordingly as 
soon as failing symptoms appeared in the other dogs they were given cal- 
cium pantothenate orally or parenterally ranging in dosage from 5 to 20 
mg. Growth responses were immediate and the animals were allowed to 
grow for longer periods of time hy the periodic administration of calcium 
pantothenate. Dogs 211 and 212 were allowed to develop a more severe 
deficiency before administration of pantothenate and were found in a 
prostrate condition. Both dogs showed rapid labored respiration (43 and 
57 per minute) and aslightly increased heart rate (130 and 132 per minute). 
There were convulsive kicking movements in Dog 211. Administration 
of calcium pantothenate intravenously produced no effect and both dogs 
died. Chemical data from a sample of blood taken at the terminal stage of 
the deficiency from Dog 211 is given in Table I. 

Dog 215, as shown in Fig. 1, reached the same severe state of deficiency 
with comparable symptoms. Intravenous injection of calcium panto- 
thenate and glucose relieved the acute symptoms but the animal required 
several more injections of pantothenate over a 10 day period before food 
consumption and growth returned to normal. Blood chemical data from 
samples taken during the acute deficiency and after growth was resumed 
are presented in Table I and will be discussed later. 

A comparable set of conditions was obtained with the three adult 
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dogs. Dog 195, after responding satisfactorily to one administration of 
calcium pantothenate, grew erratically and died suddenly. Dog 199 
responded twice to calcium pantothenate when in a less severe state of 
deficiency. Later the more severe form was allowed to develop, which was 
characterized by a deep coma, rapid respiration (66 per minute), and a 
heart rate too rapid and irregular to count. Injection of calcium panto- 
thenate and glucose intravenously resulted in relief from the coma in 


TABLE I 
Chemical Changes in Blood of Pantothenic Acid-Deficient Dogs before and after Therapy 


| Before therapy | After therapy 
cent) cent cent cent cent cent 
211| C 0 Severe 15 61.6 10.1) 8.8 Died 
48 104.0. 10.9) 10.3) 24 days | 80 | 49.8 | 477 
221 D 63, 95.7 20 | 89 | 48.0 | 483 
20, 145.4 9.81 13.7| Died 
40 | Mild 93) 46.4 | 12.6 9.1 | 
219| “| 40 | Severe | 65} 61.7 | 484 7 days | 116 | 47.4 | 488 
as! «| | 68.9| | 12.0] 10.0, 46 “ | 102.4] 52.2 | 463 
“| 100 | Normal | 119} 46.2) 13.4) 9.9 
2241 E | 150 102) 46.7 | 454 
| 100 45.1 500 
230. 40 | Mild 53! 65.5 | 481 
230; 40 Severe 45, 115.6 430 
20 | Mild 107; 53.3 495 
i 20 Severe 62) 104.5 398 Died 
0 | Mild | 97 51.5 481 
=) 0 “ to | 131} 106.0 | 416 
severe | 
229 | 0 | Mild 122 44.4 484 | 
199 F 64 60.3 346 | 
199; | Severe 181) 93.3 384 “I8days 116 | 47.4 | 488 


2} hours. The animal did not show improved appetite and on the 3rd 
day liver extract powder 1:20 (The Wilson Laboratories) was given and 
continued to a total dosage of 50 gm. in a period of 5 days. Response was 
very slow and almost 2 weeks were required before the animal could begin 
to recover the weight lost (Fig. 1). 

Dog #93 was allowed to develop the severe deficiency which was char- 
acterized by a comatose state but differed from that of Dog 199 in that the 
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respiratory rate was very slow (14 per minute) and the heart rate was only 
slightly above normal (135 per minute). There were frequent convulsive 
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Fig. 1. Response of three dogs on a pantothenic acid-deficient ration. Dog 199, 
A = 20 mg. of calcium pantothenate plus glucose injected intravenously; B = started 
feeding orally 50 gm. ‘‘1:20 liver extract powder’’ (The Wilson Laboratories) over a5 
day period. Dog 193, C = 40 mg. of calcium pantothenate injected intravenously 
plus sucrose orally; D = 30 mg. of calcium pantothenate injected intravenously; 
E = 20 mg. of calcium pantothenate injected intravenously; F = started feeding 
orally 60 gm. ‘‘1:20 liver extract powder’’ over a 5 day period. Dog. 215, G = 10 
mg. of calcium pantothenate injected intravenously; // = 10 mg. of calcium panto- 
thenate plus glucose in saline solution injected intravenously; 7 = 5 mg. of calcium 
pantothenate injected intravenously. 


TABLE II 
Fat Analysis on Livers of Pantothenic Acid-Deficient Dogs 


Dog No. Litter Per cent fat on dry basis 
Normal 13-17 

195 A 34.7 

208 | B | 46.2 

211 | C 55.1 

212 | | 44.3 

213 43.1 

214 1 | 42.0 

220 D | 51.6 


movements. Intravenous injection of calcium pantothenate in saline and 
oral administration of sucrose produced recovery from this severely 
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deficient condition in 36 hours. Repeated injections of pantothenate over 
a 7 day period failed to bring the dog back on food. Liver extract powder 
1:20 was then given to a total dosage of 60 gm. in a 4 day period. The 
dog then went back on food and regained weight as shown in Fig. 1. 
Necropsies were performed on all the dogs immediately after death. All 


animals had light colored, mottled livers extremely high in fat content. 


The fat content, as determined by 24 hour continuous chloroform extraction 
on the dry material in Caldwell extractors, is given in Table II. Five 
of the six dogs showed mottled thymus glands with red pigmented spots 
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Fig. 2. Growth of five litter mate puppies on various levels of calcium panto- 
thenate. The levels fed per kilo of body weight per day are indicated on the graph. 
A, 10 mg. of calcium pantothenate plus glucose in saline injected intravenously; 
B, 12.5 mg. of calcium pantothenate plus glucose injected intravenously; C, 5 mg. of 
calcium pantothenate injected subcutaneously; D, 15 mg. of calcium pantothenate 
plus glucose in saline injected intravenously; £, 10 mg. of calcium pantothenate 
plus glucose injected intravenously; X, died. 


suggestive of hemorrhagic degeneration. In most cases the glands were 
enlarged. ‘The kidneys were dark red in color, showing the stellate veins 
as distended and cyanotic. There was macroscopic evidence of hemor- 
rhagic degeneration in the cortex and medulla. There was usually a mild 
gastritis in the pyloric region of the stomach. Four of the six dogs showed 
slight to severe enteritis. In Dog 195 an intussusception was found, in 
which case the duodenum at the region of the cap was invaginated into the 
pylorus. The other organs in the deficient dogs appeared normal. 

A litter of five dogs (Nos. 217 to 221 inclusive) was then placed on the 
ration supplemented as follows: Dog 221 received the basal ration alone, 
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Dog 220 received 20 y per kilo of body weight per day of calcium panto- 
thenate, Dog 219 received 40 y, Dog 218 received 60 y, and Dog 217 re- 
ceived 100 y. The growth of these dogs is shown in Fig. 2. Dog 217 
showed excellent growth over the 11 week period. Dog 218, receiving 
60 y per kilo of calcium pantothenate, became severely deficient after 
about 38 days. The symptoms included a respiratory rate of 120 per 
minute and a heart rate of 140 per minute. Injection of glucose in saline 
and calcium pantothenate intravenously resulted in immediate recovery 
and growth was resumed. Dog 219, receiving 40 y per kilo of calcium 
pantothenate, developed a severe deficiency in 4 weeks characterized by 


20% 


£24 
23-# 


0 


Fic. 3. Growth of seven litter mate puppies on various levels of calcium panto- 
thenate. The levels fed per kilo of body weight per day are indicated on the graph. 
A, 10 mg. of calcium pantothenate injected intravenously; B, 10 mg. of calcium 
pantothenate plus glucose injected intravenously; XY, 10 mg. of calcium pantothenate 
plus glucose injected intravenously. Died 8 hours after therapy; C, died. 


extreme prostration. Injection of calcium pantothenate in saline intra- 
venously resulted in immediate recovery and resumption of growth. <A 
growth plateau then occurred and in 7 weeks another severe deficiency 
resulted. An injection of 10 mg. of calcium pantothenate and 6 gm. of 
glucose intravenously produced an immediate remission, 

Dog 220 grew well for 26 days, then rapid failure occurred, and death 
ensued without the animal going off food. Failure was characterized by 
vomiting, rapid heart rate, and deep labored breathing. Necropsy revealed 
three intussusceptions in the lower ileum, and the kidney and liver gave 


the same appearance as those described above. The other organs appeared 


normal. Blood findings at the terminal stage are given in Table I. 


| 
100¥ 5 7 
| Days | 
¥ 
55} Or | « 
= 7 
35, 
229 | | 
4 1 
— f 
: | 
| 


SCHAEFER, MCKIBBIN, AND ELVEHJEM 327 


Dog 221, receiving no pantothenate, developed a mild deficiency in 20 
days, which was corrected by subcutaneous injection of 5 mg. of calcium 
pantothenate. 4 weeks later a severe deficiency developed, showing the 
same rapid respiratory and heart rates. Intravenous injection of 15 mg. 
of calcium pantothenate and 6.25 gm. of glucose in saline resulted in an 
immediate recovery. 

Another litter of seven puppies was placed on the basal ration. Dogs 
228 and 229 received the basal ration unsupplemented. Dog 227 received 
20 y of calcium pantothenate per kilo of body weight per day, Dogs 226 
and 230 received 40 y, Dog 225 received 100 y, and Dog 224 received 150 y. 
The response of these dogs is shown in Fig. 3. Dogs 224 and 225 grew 
without developing a deficiency. Dog 230, receiving 40 y, developed a 
severe deficiency manifested by extreme prostration. Blood samples taken 
as the deficiency appeared showed very rapid changes within 14 hours, 
as shown in Table I. Intravenous injection of 10 mg. of calcium panto- 
thenate and 6 gm. of glucose resulted in the disappearance of symptoms and 
resumption of growth. 

Dog 227, receiving 20 y of pantothenate, developed a severe deficiency in 
31 days. Blood sugar, non-protein nitrogen, and chloride showed very 
rapid changes in the last 21 hours of this deficiency, as shown in Table I. 
Death occurred in spite of 10 mg. of calcium pantothenate and 6 gm. of 
glucose injected intravenously. The thymus, liver, kidney, and stomach 
showed the characteristic changes previously described. The other organs 
were normal. 

Dog 228, receiving no pantothenate, became deficient and showed a 
growth plateau in 31 days. The acute symptoms were not allowed to 
develop and intravenous injection of 10 mg. of calcium pantothenate pro- 
duced an immediate recovery. 

Dog 226, receiving 40 y, grew fairly well for 6 weeks and then died sud- 
denly. A necropsy revealed the usual changes in the liver, thymus, and 
kidney and a severe intussusception in which the duodenal cap was in- 
vaginated back into the pyloric region of the stomach. 


DISCUSSION 


From these results it is evident that pantothenic acid deficiency in young 
growing puppies and adult dogs can be produced on rations of this type. 
The requirement for the vitamin would seem to be approximately 100 y 
of the calcium salt per kilo of body weight per day for the young growing 
puppies and considerably less than this amount for adult dogs. The defi- 
ciency manifests itself very suddenly and the dogs must be observed fre- 
quently in order that treatment may be administered in time to save the 
life of the animal. The deficient dog will eat the ration and grow at a 
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normal rate usually until the day before the acute deficiency occurs, and 
sometimes food consumption is normal until the day of the acute onset. 
Frequently, however, food consumption will be normal and growth will 
cease several days before the acute symptoms appear. This is the only 
advance indication of the deficiency. The distressing cardiac, respiratory, 
intestinal, and skeletal muscular symptoms may be due to nervous lesions 
or may be brought on by certain changes in the tissues and blood. The 
fatal character of the deficiency is easily understandable when one con- 
siders the severity of the liver pathology and perhaps that of the kidney, 
thymus, and gastrointestinal tract. 

From the chemical data for blood given in Table I, it seems apparent 
that the plasma calcium and inorganic phosphorus remained essentially 
normal during pantothenic acid deficiency. The blood glucose was usually 
significantly lowered during the deficiency and returned to normal upon 
remission. The glucose levels in the deficient dogs were variable but in 
general the severely deficient dogs showed the lowest values. The coma- 
tose state of a number of dogs may be explained on the basis of the extreme 
hypoglycemia. The hypoglycemia is of interest in connection with the 
severe fatty degeneration of the liver which suggests an absence of liver 
glycogen. Such a condition arising from the ingestion of a ration contain- 
ing 66 per cent sucrose might suggest a fundamental impairment of carbo- 
hydrate metabolism. 

The non-protein nitrogen of the blood of the deficient animals was raised 
significantly over that of the controls. Remission with pantothenic acid 
therapy reduced these values to normal. The blood chlorides in most 
eases were 20 per cent lower in the severely deficient dogs than in the 
controls. This also returned to normal with pantothenic acid ad- 
ministration. 

These results are at some variance with those reported by Fouts et al. (3). 
These observers found fatty livers in their “factor I1’’-deficient dogs but 
the total blood chlorides, urea nitrogen, and glucose values in the deficient 
dogs did not show any significant changes from the normal. The authors 
concluded from these studies that adrenal cortical insufhciency was not 
involved. In comparing our results with theirs it must be emphasized 
that the composition of the rations used in the two laboratories differs, 
and therefore the two studies are not strictly comparable. Certainly we 
have observed no macroscopically visible changes in the adrenal glands 
of any of the deficient dogs, save a slight enlargement noticed in one case. 

However, an important point to consider in the study of the blood 
changes is the rapidity of change in the terminal 24 hours, as shown by 
Dogs 227 and 230. In this connection the data of Fouts et al. (3) given for 
one dog in which a sample of blood was taken at the terminal stages of the 
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deficiency show a drop in the chlorides and a striking increase in urea 
nitrogen. On the basis of the evidence given above and mindful of the 
nature of the deficiency in the rat (10) we feel that the question of adrenal 
insufficiency should be reopened for further experimental work. Hence 
the failure of Dog 227 to respond to pantothenate and glucose might sug- 
gest the additional use of sodium chloride in the treatment of the severely 
deficient dog. 

The failure of Dog 193 to respond immediately to calcium pantothenate 
and the subsequent response to liver extract powder might suggest that a 
multiple deficiency exists. However, Dog 199 also failed to respond to 
pantothenate and the liver extract together until a period of nearly 2 weeks 
had elapsed, and Dog 215 showed a similar delayed response but was 
finally brought back on food by pantothenate alone. In all these cases a 
period of 10 days to 2 weeks was necessary before the dogs started to eat 
their food and thus gain weight. The results suggest that a multiple 
deficiency is not involved, but rather that considerable repair of tissue 
damage must be accomplished before a normal state can be reached. The 
extensive liver damage seen in all of the dogs dead of the acute deficiency 
makes this explanation tenable. 

The mottled thymuses observed in this laboratory (1) and by Morgan 
and Simms in both dogs and foxes (2, 11) seem to be confirmed as due to 
pantothenic acid deficiency. The suggestion of the latter authors of the 
role of the “filtrate factor’’ in status thymicolymphaticus is an extremely 
interesting one in view of the short time necessary for fatal pantothenic 
acid deficiency to occur. It is of interest that regression of the thymus 
has been observed by Grifith and Wade (12) in choline-deficient rats. 

Intussusceptions were observed in earlier studies (4) and the incidence 
reported here indicates that they are due to pantothenic acid deficiency. 
In some deficient dogs in which no intussusception was found at necropsy 
we have observed vomiting attacks so severe that fecal material appeared 
in the vomitus. ‘There is, then, a fairly consistent severe gastrointestinal 
phase of this deficiency. The possibility of a nutritional background for 
intussusception in human infants is suggested by these studies. 

The relation of the “filtrate factor’ to pigmentation of the hair in dogs 
was suggested by Morgan and Simms (2) after observing graying on their 
pantothenic acid-deficient ration. We have observed graying in a number 
of dogs on our ration supplemented with 500 y of calcium pantothenate 
per kilo of body weight per day. ‘This is about 5 times the amount neces- 
sary for good growth on this ration and would seem to eliminate panto- 
thenic acid as the responsible factor. Graying of the hair is frequently 
observed in dogs receiving rations of this type and if it has a nutritional 
origin, the nature of the factor or factors involved is unknown. 
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The appearance of the kidneys of the deficient dogs is very similar to 
that described by Griffith and Wade in choline-deficient rats (12) but is 
perhaps less severe. ‘The amount of choline supplemented to this ration 
should rule out choline deficiency as etiologic for this condition. Moreover, 
dogs receiving adequate pantothenic acid and the same amount of choline 
do not show these kidney changes. 


SUMMARY 


1. The requirement of the dog for pantothenic acid is confirmed. The 
quantitative requirement for young growing puppies is tentatively fixed at 
approximately 100 y of calcium pantothenate per kilo of body weight 
per day. 

2. Pantothenic acid deficiency in dogs is characterized by sudden pros- 
tration or coma, usually rapid respiratory and heart rate, convulsions, and 
gastrointestinal symptoms. Necropsy of pantothenic acid-deficient dogs 
reveals fatty livers, mottled thymuses, evidence of hemorrhagic kidney 
degeneration, and frequently gastritis or enteritis and intussusception. 

3. The plasma calcium and inorganic phosphorus are normal in the defi- 
cient dogs, while the blood glucose and chlorides are lowered and the non- 
protein nitrogen values are raised. These values return to normal after 
recovery from the deficiency. 


BIBLIOGRAPHY 


. McKibbin, J. M., Madden, R. J., Black, S., and Elvehjem, C. A., Am. J. Physiol., 
128, 102 (1939). 

. Morgan, A. F., and Simms, H. D., J. Nutrition, 19, 233 (1940). 

. Fouts, P. J., Helmer, O. M., and Lepkovsky, 8., J. Nutrition, 19, 393 (1940). 

. McKibbin, J. M., Black, S., and Elvehjem, C. A., Am. J. Physiol., 180, 365 (1940). 

Schaefer, A. E., McKibbin, J. M., and Elvehjem, ©. A., J. Nutrition, in press. 

. Benedict, 8. R., J. Biol. Chem., 76, 457 (1928). 

Folin, O., and Wu, H., J. Biol. Chem., 38, 81 (1919). 

. Whitehorn, J. C., J. Biol. Chem., 46, 449 (1920-21). 

. Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 66, 375 (1925). 

. Daft, F. S., Sebrell, W. H., Babcock, S. H., and Jukes, T. H., Pub. Health Rep., 
U.S. P.H.S., 66, 1333 (1940). 

11. Morgan, A. F., and Simms, H. D., J. Nutrition, 20, 627 (1940). 

12. Griffith, W. H., and Wade, N. J., J. Biol. Chem., 131, 567 (1939). 


WH 


of 


: 
| 
| 
i 
® 
+7 
i 
} 
i 
eet 
¢ 
~ 
t 
: t 
| 
| 
1 
< 
| 


ol., 


10). 


THE NORMAL RATE OF REDUCTION OF METHEMOGLOBIN IN 
DOGS* 


By WILLIAM W. COX ano WILLIAM B. WENDEL 


(From the Department of Chemistry, University of Tennessee School of Biological 
Sciences, Memphis) 


(Received for publication, January 19, 1942) 


Methemoglobin is not present in spectroscopically detectable amounts! in 
freshly drawn blood of normal animals of the following and, presumably, 
other mammalian species: human, dog, cat, rabbit, rat, mouse, horse, 
monkey (Macacus rhesus), cattle, swine. Furthermore, methemoglobin is 
not demonstrable in incubated sterile blood from normal animals of these 
species for many hours after removal from the body. The lag in ac- 
cumulation of methemoglobin in drawn blood was shown by Warburg, 
Kubowitz, and Christian (4) to be due to intrinsic enzyme systems of the 
erythrocytes which reduce methemoglobin to hemoglobin. These workers 
found that the reducing agents acting tn vitro are formed primarily from 
glucose by the erythrocytes. Lactic acid, activated by an intraerythrocytic 
enzyme system, accounts for 25 to 50 per cent of the reduction (5). Other 
reductants have not been identified. 

One objective of the experiments reported in this paper was to determine 
the extent to which the enzyme systems contained within the blood ac- 
count for zn vivo reduction of methemoglobin and, thus, for maintenance of 
the circulating hemoglobin in a functionally active form. Before this was 
undertaken, it was considered advisable to ascertain the normal physio- 
logical rate of methemoglobin reduction in vivo and the influence upon this 
rate of several physical and chemical factors. Incident to these studies we 
have determined the course of methemoglobin accumulation and disap- 
pearance following administration of a number of recognized methemo- 


* Some of the data reported in this paper are taken from a thesis presented by one 
of the authors (W. W. C.) to the Graduate Committee of the University of Tennessee 
in partial fulfilment of the requirements for the degree of Master of Science, Septem- 


ber, 1939. A preliminary report has appeared (1). 


1 Recently several groups of workers (2, 3), using photoelectric, colorimetric 
methods or the carbon monoxide capacity method for methemoglobin estimation, 
have reported that samples of blood from normal animals of some of the above species 
may contain up to 15 per cent methemoglobin. Such quantities would be readily 
detectable by qualitative spectroscopic examination, which is sensitive to as little 
aus 4 per cent of the total pigment. The common misstatement that methemoglobin 
is detectable spectroscopically only when its concentration is 15 to 20 per cent or more 
of the total pigment has been repeated in a recent paper by Ammundsen (3). 
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: } | globin-forming agents and several not hitherto tested. Also, the catalytie 
£ action of methylene blue in hastening reduction of methemoglobin to hemo- 
+ globin has been further explored. 
| Dogs which had been fasted for 18 hours or longer were used as experi- 


mental animals. If the administered substance was readily soluble in 
water, it was injected intravenously; if only sparingly soluble, it was sus- 
pended in olive oil, or mineral oil, and given by stomach tube. 

In most instances methemoglobin was determined by a rapid spectro- 
‘ j scopic method (6) which is referred to in this paper as the dilution method. 
f Since this method is relatively new, we have compared values obtained by it | 
2 with those given by the spectrophotometric method of Austin and Drabkin | 
; (7), and also with values given by the method of difference between total 

31 pigment and oxygen capacity (8). Total pigment was determined spectro- , 
photometrically as cyanmethemoglobin (7). Comparative analyses of 
: forty samples of blood containing methemoglobin due to thirteen different 
aS substances have shown that the method of difference between total pig- — | 
Ey ment and oxygen capacity gives consistently the lowest methemoglobin 
cS: concentrations. Values obtained by the Austin and Drabkin method aver- 
age 4 per cent higher, and those by the dilution method 9 per cent higher. | 
The divergences, however, are unrelated either to concentration of methe- 
moglobin, which varied between 10 and 60 per cent of the total pigment, or 
to total pigment, which varied between 7 and 22 volumes per cent. In 
these comparison studies the analyses were so ordered that the results are 
not vitiated by in vitro changes in methemoglobin concentration in the 


samples. 
Blood glucose was determined by the Shaffer-Hartmann method (9) on , 


3 zine filtrates (10). 


EXPERIMENTAL | 


In searching for substances which might be useful in producing methemo- 
globin, we have tested twenty-five compounds. Single doses of the fol- | 
lowing substances (the dose, in mg. per kilo, is given after each substance 
and the mode of administration is indicated by V, intravenous, or T, 
stomach tube) regularly produced methemoglobin: acetanilide, 200, T; | 
i o-aminophenol, 20, V; p-aminophenol, 20, V; aniline, 50, V and 7; di- | 
; methylaniline, 50, 7°; hydroxylamine, 5, V; a- or B-naphthvlamine, 200, 

7; p-nitroaniline, 15, V; nitrobenzene, 200, 7; nitroglycerin, 10, V; sodium | . 
dichromate, 60, V; sodium nitrite, 30, V. The following substances pro- | 
duced methemoglobin only after several daily administrations of large _ ‘ 
doses: bismuth subnitrate, 1000, 7’; plasmochin, 1, 7’; and promin, 600, T. ‘ 
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Single doses of H acid (30, V), hydroquinone (30, V), o-nitrophenol (700, 7), 
and p-nitrotoluene (50, 7) caused no accumulation of methemoglobin. 
Dinitrophenol, sodium chlorate, sodium ferricyanide, sodium sulfanilate, 
and sulfanilamide gave negative results even after repeated administrations 
of large doses. 

The course of accumulation of methemoglobin in the blood and its sub- 
sequent disappearance following administration of single doses of some of 
these substances are illustrated in Fig. 1. Each curve represents an average 
result of several experiments. The rates of accumulation as well as the 
rates of disappearance of methemoglobin vary greatly. Thus, intrave- 


PIGMENT 
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ME THEMOGLOBIN, PER CENT OF TOTAL 


Fic. 1. Representative variations in the accumulation and disappearance of 
methemoglobin. Acetanilide, dimethylaniline, a-naphthylamine, and nitrobenzene 
were administered orally. Other substances were injected intravenously. 


nously injected nitrite produces a maximal concentration of methemoglobin 
in about 45 minutes, whereas orally administered nitrobenzene is not 
maximally effective for 12 to 15 hours. Also, as others have noted, we 
have encountered considerable individual variation in the response to oral 
administration of a given organic methemoglobin-forming compound. The 
rate of accumulation, the maximal methemoglobin concentration, and the 
rate of disappearance all may vary widely following administration of a 
constant dose of the substance. 

In contrast to oral administration of most of these substances, intra- 
venous administration of several of them yields quite reproducible results. 
Table I summarizes the results of thirty-three experiments in which 
methemoglobin-forming substances were injected intravenously. The 
rates of disappearance of methemoglobin formed by intravenous injection 
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of o-aminophenol, p-aminophenol, or sodium nitrite proved to be the same 
and are the most rapid vet observed. Methemoglobin produced by aniline 
or p-nitroaniline, perhaps, disappears more slowly. 

As judged by twenty experiments on fourteen dogs, the mean rate of dis- 
appearance of methemoglobin following injection of sodium nitrite (0.5 
ec. of 6 per cent solution per kilo) is 11.2 per cent of the total pigment per 
hour. The maximum and minimum rates were, respectively, 16.1 and 
7.3 per cent of the total pigment per hour. The standard deviation of the 
mean is +2.0 per cent of the total pigment per hour. In these experiments 
total pigment ranged in different dogs between 22.0 and 6.2 volumes per 
cent. However, the rate of methemoglobin disappearance, expressed as 
per cent of the total pigment, is independent of the total pigment concen- 
tration and the methemoglobin concentration. Thus, in one animal 
methemoglobin disappeared at the rate of 12.2 per cent per hour when the 


TABLE | 


Rate of Reconversion of Methemoglobin to Hemoglobin in Vivo Following Intravenous 
Injection of Methemoglobin-Forming Agents 


No. of Average time to | Rate of . 
Substance injected experi- methemoglobin methemoglobin 
mg. per  percenttolal per cent total 
kg. pigment per hr. pigment per hr. 
o-Aminophenol...... oe 20 3 45 11.2 +3.0 
p-Aminophenol..... Recess 20) 5 45 11.8 +1.4 
50 5 200 | 9.6 +2.9 
Sodium nitrite............ 30 20 45 +2.0 


- 


total pigment was 16.0 volumes per cent. After this animal was made 
anemic by repeated hemorrhage (total pigment = 6.2 volumes per cent), 
the rate of disappearance was unchanged. 


Means of Altering Rate of Reversion of Methemoglobin to Hemoglobin 


Methylene Blue-—-From observations on humans, dogs, and rabbits it has 
been found previously (11-13) that intravenous injection of methylene blue 
accelerates reduction of methemoglobin to hemoglobin when the methemo- 
globinemia is induced by aniline, nitrite, p-bromoaniline, nitrobenzene, 
p-aminophenol, or the sulfonamides. Methemoglobinemia in dogs due to 
acetanilide, o-aminophenol, dimethylaniline, a- or 6-naphthylamine, o0- 
or p-nitroaniline, also, we now find to respond to methylene blue injections. 

As was pointed out previously, intravenously injected methylene blue 
may produce only a temporary reduction of methemoglobin in humans re- 
ceiving the sulfonamide drugs (12, 13). The same is true in dogs which 
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have received large amounts of acetanilide, dimethylaniline, or nitroben- 
zene orally. Fig. 2 illustrates this behavior and shows also, as compared 
with the first injection of methylene blue, a diminished effectiveness of two 
subsequent injections. The latter phenomenon is probably a result of an 
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Fic. 2. Decreasing effectiveness of successive injections of methylene blue in 
catalyzing reduction of methemoglobin. This dog received 0.7 gm. of acetanilide 
(in mineral oil) per kilo by stomach tube at zero time. 


3 NORMAL 
TEMPERATURE 
; 38° to 39° 
a 
= 
d 
a 
| \ 
| 25° to 30° INJECTED 
425 i 
TIME IN MINUTES 
240 360 


Fic. 3. Effect of body temperature upon the rate of disappearance of methemo- 
globin. MB = methylene blue. 


increase in concentration of the active pigment-oxidizing agent, owing to 
prolonged absorption of the drug. 

Temperature—The rate of disappearance of methemoglobin in one dog 
with normal body temperature was found to be 10.3 per cent of the total 
pigment per hour (Fig. 3). When the animal’s body temperature was 
lowered about 10° by packing in ice, the rate decreased to 3.3 per cent per 
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hour. Methylene blue was effective, however, in accelerating reconversion 
of methemoglobin to hemoglobin at the lowered body temperature. That 
the slowness of disappearance of methemoglobin at lowered body tempera- 
ture is not due to prolonged methemoglobin formation is indicated by the 
fact that a sample of blood drawn 1 hour after injection of nitrite was free 
of nitrite, as judged by the starch-iodide test. Three other animals gave 
similar results. Nembutal was used to maintain light anesthesia in these 
experiments. 


TABLE II 


Comparison of Rates of Disappearance of Methemoglobin in Vivo and in Vitro and E fect 
of Blood Sugar Concentration in Vitro 


| Bl Methemoglobin concentration at intervals after Average 

ood © maximum concentration is reached, per cent “tien of 

| total pigment — 

No. | tration | ance of 

ore | Oo | 30 | | 90 | 120 | 150 | 180 | 210 | 240 | Methe- 

me | min. min. min. min. | min. - min. min. min. — 

per cent 

me. per lotal 

cent pigment 

per hr 

1 | In vivo 93 54 49 44 | 41 | 37 | 33 | 29 | 25 
vitro 93 5 | 49 | 45 41 | 38 | 33 | 29 | 25 

glucose 293 54 50 46 43 | 39 | 35 30 27 8 
2 ‘vivo 293 76 67 60 51) 46 41 36 31 #11 
‘* vitro 293 76 67 61 | o44;48 43 39 35 10 
glucose 493 76 67 60 | 52145 42 35 10 


* Time of maximum methemoglobin concentration. 


Factors Which Do Not Affect Rate of Reversion of Methemoglobin to Hemo- 
globin 


Blood Sugar Concentration——-Dog 1 (Table II) was given sodium nitrite 
intravenously. At the end of an hour 50 ec. of blood were drawn, de- 
fibrinated, and divided equally between two flasks. 50 mg. of glucose were 
added to the blood in one of the flasks and the two samples were then in- 
cubated at 37.5° with gentle rocking. The concentration of methemo- 
globin was determined from time to time in the incubated samples as well as 
in further samples drawn from the dog. The same procedure was followed 
in Dog 2, except that this animal received 5 gm. of glucose per kilo orally 
before nitrite was injected. Results of these two experiments show that at 
comparable temperatures the tn vivo and in vitro rates of disappearance ol 
methemoglobin are the same, and that elevation of blood sugar in vitro has 
no effect upon the rate during the period required for conversion of 50 per 
cent of the methemogiobin to hemoglobin. 
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The experiments summarized in Table III show a lack of effect of in- 
creased blood sugar concentration upon the rate of disappearance of methe- 
moglobin in vivo. In Experiments 1 and 2 the rate was determined while 
the animal’s blood sugar was at normal levels. In Experiments 3 and 4 


III 
Lack of Effect of Glucose Concentration on Rate of Methemoglobin Disappearance in Vivo 


Methemoglobin concentration at intervals after maximum 
E : Blood glucose concentration is reached, per cent total pigment Average rate of 
min.* min. min. min. min. min. | min 
per cent total 
me. per cent pigment per hr. 
l Normalt 54 47 40 33 |B | D | 14 
2 sy 55 50 42 34 , 27 14 
3 120 6 6| «645 36 3l 26 14 
4 245 66 60 53 47 41 


«384 27 13 
*Time of maximum methemoglobin concentration. 
+ Not determined but found to be normal on other occasions. 
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Fig. 4. Lack of influence of low blood sugar concentrations upon rate of disap- 
pearance of methemoglobin. The figures below the points are blood glucose con- 
centrations in mg. per cent. 


the rate was determined while the blood sugar was elevated by oral ad- 
ministration of glucose. 

To test the possible effect of hypoglycemia upon the rate of disappearance 
of methemoglobin, a dog was given an injection of 30 units of insulin at the 
same time that nitrite was injected. Results of this experiment are il- 
lustrated in Fig. 4, where the connected points represent the methemo- 
globin concentration at various intervals after injection of nitrite and the 


a 


ame’ 


3 
4 
| 
| 
lect 
rage 
e of 
ap- 
ar- 
e of 
the- 
glo- 
in | 
cenl 
tal 
ent 
Ar 
| 
| | 
| 
{ 
| 
j 


338 RATE OF REDUCTION OF METHEMOGLOBIN 


figures below the points are the blood glucose concentrations at the indi- 
cated times. The rate of methemoglobin disappearance is not. signifi- 
cantly influenced by the lowered blood sugar. 

Prolonged Methemoglobinemia—tIn order to determine the effect of pro- 
tracted methemoglobinemia upon the ability of blood to reduce methemo- 
globin, a dog was given intravenous injections of sodium nitrite (30 mg. per 
kilo) at intervals of 5 to 6 hours for 36 hours. Following the first injection, 
subsequent injections were made when the methemoglobin concentration 
had fallen to about 20 per cent. The rate of disappearance was determined 
after each of the seven injections. The data in Table IV indicate the lack 
of effect of continuously high concentration of methemoglobin upon the rate 
of disappearance. It is to be noted that at the average rate of disap- 
pearance shown by this animal all of the blood pigment must have under- 


TABLE IV 


Effect of Successive Injections of Sodium Nitrite on Rate of Methemoglobin 
Disappearance in Vivo 


Rate of disappearance 


min. per cent total pigment per Se 

Ist 0 65 10 

2nd 345 63 10 

3rd 675 61 1] 

4th 975 64 10 

5th 1305 61 1] 

6th 1560 52 9 


7th 1835 62 1] 


gone oxidation and reduction at least four times in the period of 36 hours 
during which methemoglobin was constantly present in the blood. 

Fasting— Two animals which were fasted for 3 weeks showed no change in 
ability to convert methemoglobin to hemoglobin. 


DISCUSSION 


The average rate at which accumulated methemoglobin within the cir- 
culating erythrocytes of dogs is replaced by functionally active hemo- 
globin is 11.3 + 2.0 per cent of the total pigment per hour. ‘This rate, 
observed following injection of such different chemical substances as 
sodium nitrite, 0-aminophenol, and p-aminophenol, would appear to be the 
true physiological rate of this vital reduction reaction. The slower rate of 
disappearance and consequent apparent slower rate of reduction seen when 
certain other substances are administered are probably explained by pro- 
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longed formation of methemoglobin, which masks the reduction reaction. 
In the case of nitrite, methemoglobin formation is rapid and nitrite is 
equally rapidly destroyed. 60 minutes after intravenous injection of 30 
mg. of sodium nitrite per kilo, methemoglobin formation ceases and nitrite 
is no longer detectable in the plasma by the very sensitive starch-iodide test. 

The rate of reduction of methemoglobin is independent of the following 
factors: (1) methemoglobin concentration, at least when this is greater than 
20 per cent of the total pigment; (2) total pigment, 7.e. hemoglobin plus 
methemoglobin; and (3) glucose concentration, between 40 and 400 mg. per 
cent. The rate is not influenced by several weeks of fasting and is sus- 
tained in vivo for a period of at least 36 hours, during which time all of the 
pigment in the circulating blood passes through methemoglobin at least 
four times. Since the rate of reduction in vivo is the same as that in vitro, 
the influence of other body tissues appears to be negligible. The rate of 
reduction is retarded by low body temperature, but is uninfluenced by 2 or 
3 degrees of fever produced by injection of dinitrophenol. 

The recognized réle of glucose as the principal source of reducing agents 
for methemoglobin tn vitro led Brooks (14) to test the value of intravenous 
injection of glucose in hastening reduction of methemoglobin in vivo. On 
the basis of experiments with rabbits, injected with nitrite to produce 
methemoglobin, Brooks concluded that intravenous administration of 10 
to 20 mg. of glucose per kilo (Brooks gave 1 to 2 ec. of 1 per cent solution per 
kilo) greatly accelerates the reconversion of methemoglobin to hemoglobin. 
In consequence Brooks (15) has recommended intravenous administration 
of glucose in treatment of human methemoglobinemia. Our experiments 
on dogs, to which we gave amounts of glucose which produced significant 
and measured increases in blood sugar concentration, failed to demonstrate 
any accelerating action of glucose in this species. 

The rate of methemoglobin reduction shows no correlation with total 
pigment only when the rate is expressed as per cent of total pigment per unit 
time. When the rate is expressed in absolute units, e.g. volumes per cent 
per hour, there is a significant decrease in the rate as the total pigment 
decreases. Thus, one dog before hemorrhage, when the total pigment was 
16.0 volumes per cent, showed a rate of reduction of 12.2 per cent of total 
pigment per hour or 2.0 volumes per cent per hour. After hemorrhage, 
when the total pigment was 6.2 volumes per cent, the rate expressed as per 
cent of total pigment was unchanged. Expressed in terms of volumes per 
cent per hour, the rate had decreased to 0.7. 

Finally, the rate of reduction of methemoglobin is much more constant 
from animal to animal and in a given animal at different times when the 
percentage mode of expression is employed than when the rate is expressed 
in absolute units. This is evidenced by the fact that the standard devia- 
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tion of the mean is approximately twice as great in the latter case as in the 
former. 

There appears to be ample evidence that the maintenance of hemoglobin 
in a functionally active state is accomplished mainly if not entirely by 
enzyme systems contained within the circulating erythrocytes. 


SUMMARY 


Methemoglobin contained within circulating erythrocytes of dogs is re- 
duced to hemoglobin at a constant average rate of 11.3 per cent of the total 
pigment per hour. This rate, therefore, represents the maximum re- 
sistance of this species to accumulation of methemoglobin. Reduction of 
intracorpuscular methemoglobin is solely a function of enzyme systems 
contained within the erythrocytes. Ability to reduce methemoglobin is 
impaired by low body temperature. It is not affected by severe hypo- 
glycemia or by blood sugar concentrations several times the normal. 
Capacity to convert methemoglobin to hemoglobin is not diminished even 
after all of the blood pigment has been converted to methe mmagiohin four 


times in a relatively short period. 


BIBLIOGRAPHY 


1. Cox, W. W., and Wendel, W. B., Proc. Am. Soc. Biol. Chem., J. Biol. Chem., 14, 
p. xxxi (1941). 

2. von Issekutz, B., Arch. erp. Path. u. Pharmakol., 193, 567 (1939). Schmid-Burgk, 
cited in a W., Ergebn. Physiol., 43, 9 (1940). Hecht, G., cited in 
Heubner, W., Ergebn. Paweiel. 43, 9 (1940). 

3. Ammundsen, E., J. Biol. Chem., 138, 563 (1941). 

4. Warburg, O., Kubowitz, F., and Christian, W., Biochem. Z., 221, 494 (1930); 
227, 245 (1930) ; 233, 240 (1931) ; 234, 107 (1931) ; 242, 170 (19381). 

5. Wendel, W. B., J. Biol. Chem., 102, 373 (1933). 

6. Wendel, W. B., J. Lab. and Clin. Med., 24, 96 (1938). 

7. Austin, J. H., and Drabkin, D. L., J. Biol. Chem., 112, 67 (1935-36). 

8. Van Slyke, D. D., and Neill, J. M., J. Biol. Chem., 61, 523 (1924). 

9. Shaffer, P. A., and Hartmann, A. F., J. Biol. Chem., 46, 365 (1920-21). Shaffer, 
P. A., and Somogyi, M., J. Biol. Chem., 100, 695 (1933). 

10. Somogyi, M., J. Biol. Chem., 70, 599 (1926) ; 86, 655 (1930). 

11. Williams, J. R., and Challis, F. E., J. Lab. and Clin. Med.,19, 166 (1933). Steele, 
C. W., and Spink, W. W., New England J. Med., 208, 1152 (1933). Hauschild, 
F., Arch. exp. Path. u. Pharmakol., 184, 458 (1936-37). 

12. Hartmann, A. F., Perley, A. M., and Barnett, H. L., J. Clin. Inv., 17, 699 (1938). 

13. Wendel, W. B., J. Clin. Inv., 18, 179 (1939). 


14. Brooks, M. M., Proc. Soc. Exp. Biol. and Med., 32, 63 (1934); Calif. and West. 


Med., 41, 131 (1934). 
15. Brooks, M. M., Nature, 145, 707 (1940). 


t 


i 
4 
# 
xi 
* t 
5 | 
Sf 
i 
Si 
4 
{) 


ffer, 


eele, 
hild, 


138). 


Vest. 


CYTOCHROME REDUCTASE 


Il. IMPROVED METHOD OF ISOLATION; INHIBITION AND 
INACTIVATION; REACTION WITH OXYGEN 


By ERWIN HAAS, CARTER J. HARRER, anvp T. R. HOGNESS 


(From the George Herbert Jones Chemical Laboratory of the University of Chicago, 
Chicago) 


(Received for publication, January 10, 1942) 


A previous paper (1) reported the isolation of an enzyme, cytochrome 
c reductase, which can be rapidly reduced and oxidized by dihydrotriphos- 
phopyridine nucleotide and ferricytochrome c, respectively. The reductase 
thus establishes a link in the chain of respiratory enzymes. The prepara- 
tions of the enzyme obtained previously contained a small amount of 
impurities, especially a few per cent of a hemin compound;! moreover, 
there was a rather low vield in some of the isolation steps. Modifications 
of the previously described procedure increased the yield 8-fold and resulted 
in a 98 per cent pure reductase, free of hemin. 


Isolation of Enzyme 


Yeast was washed, dried, and autolyzed, as previously described (1). 
Table I indicates the amount of enzyme which could be extracted, under 
optimum conditions, from five different sources. The figures of Table I 
represent minimum values of the enzyme concentration in yeast, since 
probably only a fraction of the total enzyme present could be extracted. 
In the method for the isolation of the enzyme (1), Steps 1 to 4 remain 
unchanged. Directions for the modified steps follow. 

Step 5. Adsorption on Aluminum Hydroxide Gel—5 gm. of the enzyme 
preparation obtained after Step 4 are dissolved in 200 ml. of water and the 
pH is adjusted to about 9 with 4 ml. of N potassium hydroxide. +y-Alu- 
minum hydroxide gel (2) is added in fractions, until the supernatant solu- 
tion becomes colorless. Approximately 7 gm. of aluminum hydroxide 
are required. The enzyme is eluted from the aluminum hydroxide by 
twice adding 120 ml. of a solution which is 64 per cent saturated with 
respect to ammonium sulfate and 0.1 N with respect to ammonium hy- 


' This hemin compound, in the reduced form, has the a-band at 557 my, the 
Soret band at 420 mu. The presence of this hemin compound in yeast was con- 
firmed in a recent communication by Bach, Dixon, and Keilin (Nature, 149, 21 
(1942)). They isolated a new soluble cytochrome component, b., from yeast, which, 
on spectrometric evidence, seems to be identical with the one previously observed 
here (1). 
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droxide. The elution is continued by adding two 160 ml. portions of a 
solution which is 40 per cent saturated with ammonium sulfate and 0.1 
N with respect to ammonium hydroxide. The enzyme is precipitated from 


Tr the combined eluates by increasing the ammonium sulfate concentration 

‘ to 65 per cent saturation and adjusting the hydrogen ion concentration to 

: [ pH 4.5 (560 ml. of eluate + 90 gm. of solid ammonium sulfate + 70 ml. of 

7 2 n acetate buffer, pH 4.5). The enzyme is separated by centrifugation, 

= dissolved in 150 ml. of water, and the solution brought to pH 9 with 5 ml. 
: of N ammonium hydroxide. This solution contains 1200 mg. of protein: 
: W = 40; purity = 0.25. 


i Step 6. Adsorption on Calcium Phosphate Gel—Tricalcium phosphate 


+ Drewry’s, Ltd., South Bend, Indiana. 
t Westminster Brewing Company, Chicago. 
§ Canadian Brewers, Ltd., Toronto. 


Er gel (about 17 gm.) is added fractionally to the enzyme solution until the | 
El supernatant becomes colorless. After centrifugation the combined pre- | 

TABLE | 

a Cytochrome Reductase Extracted from Yeast 

Source material | _ Concentration 

| 
gm. enzyme per kg. 
hrs. dry yeast 
| 

tf Fleischmann’s bakers’ yeast...................... | 24 0.045 

: i * Keeley Brewing Company, Chicago. 


cipitate is washed with 400 ml. of water and the enzyme is eluted with | 


| three 200 ml. portions of 0.2 m phosphate, pH 6.1. The enzyme is pre- 
t cipitated from the combined eluate in order to remove phosphate which 
t interferes in the next purification step. To 600 ml. of the eluate, 310 gm. 
: of solid ammonium sulfate are added (saturation = 80 per cent), and the 
solution is centrifuged. The precipitate, which contains the enzyme, is 
t dissolved in 70 ml. of 0.03 N ammonium hydroxide. The solution now, 
‘ contains 340 mg. of protein: W = 67; purity = 0.48. 
t Step 7. Adsorption on Aluminum Hydroxide Repeated—Portions of 
: 4 aluminum hydroxide gel are again added to the enzyme solution until the 
Eh supernatant liquid is colorless (about 3 gm. of aluminum hydroxide re- 
‘| quired). The enzyme is eluted from the adsorbent by washing three times 
3] with 60 ml. of a solution which is 64 per cent saturated with ammonium 
| sulfate and 0.1 N with respect to ammonium hydroxide. In 180 ml. of the 
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combined eluates, 140 mg. of enzyme are finally obtained; W = 155; 
purity = 0.98. 

The enzyme is precipitated at pH 4.5 by increasing the ammonium 
sulfate concentration to 80 per cent saturation and is collected by cen- 
trifugation. The precipitate is treated with 0.30 ml. of 2 N ammonium 
hydroxide to adjust the pH to about 9. By evaporating in a high vacuum 
the suspension can be frozen and stored at 0° over phosphorus pentoxide 
(as drying agent). No decrease in activity was observed after 2} months of 
storage. 


Reaction with Oxygen 


Cytochrome reductase can be reoxidized by cytochrome c (Equation 1) 
or by atmospheric oxygen, according to Equation 2. 


CR-H, + 2CyFe*** — CR + 2CyFet** + 2H* (1) 
CR-H, + ~ CR + (2) 


At low oxygen pressure the velocity of Reaction 2 is given by —dO,/dt = 
ks (CR-He) (O.). The manometric experiment outlined in Table II 
was performed to determine the reaction rate of cytochrome c reductase 
with oxygen. A comparison of ks (oxygen) with kz (ferricytochrome c) 
shows that cytochrome reductase will react about 7 X 10° times faster 
with ferricytochrome c than with oxygen. This fact indicates that the 
direct reaction of the cytochrome reductase with oxygen is very probably 
without physiological significance. 

Comparison with Old Yellow Enzyme—Both the old yellow enzyme of 
Warburg and Christian (3) and cytochrome reductase have alloxazine 
mononucleotide as their prosthetic group. However, the two enzymes 
are not identical with respect to enzymatic activity and other physical 
properties shown in Table III, in which k,, ke, and ks represent specific 
velocity constants for the following reactions. 

= k, (alloxazine) (TPN -H.) 
d(CyFe***) 


10 
4 = k; (dihydroalloxazine) (oxygen) 


= k, (dihydroalloxazine) (ferricytochrome) 


K designates the dissociation constant 


alloxazine X protein 


K 
enzyme 


Since the prosthetic groups are identical, the protein must be responsible 
for the different properties of the two enzymes. Replacement of the pro- 
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TaBLeE II 
Reaction with Oxygen 


25°; center cup, 0.1 ml. of 2 Nn KOH. 


10 
1.95 


Experiment 1—v 


"3 = 


Experiment 1. 


Air 


0.23 
pH 7.1 
0.10 ml. 0.025 m HCN..... | 
0.26 mg. 
dine nucleotide.......... | 
3.0 mg. Zwischenferment.. | 
glucose-6-phosphate, 
xX mole cyto- 
chrome reduciase....... 


0.5 m phosphate,| 


triphosphopyri-| 


Oxygen uptake 


c.mm c.mm. 
9.5 19 
38 


dO: 
dt 


Experiment 2. Air 


— 3.90 mole 


IT 


Experiment 3. Oxygen 


1.95 10°83 mole 


21 
42 


1.63 (mole X liter=! & min. !) 


= 2.7 X 107-4 (mole X liter ) 


(CR-H,) 
v 


(Or) (CR: Hs) 


TABLE III 


7.5 (mole & liter!) 


= 0.80 (liter & min. ! mole™!) 


Comparison of Cytochrome Reductase and Old Yellow Enzyme 


Rate constant k = liter X minute! dissociation constant A = liter”! 


< mole. 


Enzyme 


Cytochrome c 
tase 


Old yellow enzyme... 


Reaction with 


Triphospho- 
pyridine Cytochrome c 
nucleotide 
k;* 


reduc- 


85 & 53.000 10° 
6 x 10° 0.3 &K 10° 


0) 
10) 


Absorp- 
Dissociation tion 
constant maxi- 
Oxygen mum, A 
k A 
10% 60 10 465 


* Details concerning the determination of &, and ke will be submitted in a com- 
munication dealing with the kinetics of the enzymatic reactions. 


tein of the old yellow enzyme by that of the reductase increases the ac- 
tivity towards cytochrome and triphosphopyridine nucleotide tremendously 


but simultaneously diminishes the activity towards oxygen. 


The autoxi- 
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dation of free alloxazine mononucleotide is inhibited when it combines with 
protein and one would therefore expect an enzyme with a small dissociation 
constant to react slowly with oxygen. The results of Table III confirm 
this relationship between dissociation of the prosthetic group and re- 
activity towards atmospheric oxygen. 

Denaturation of Cytochrome c Reductase—From the preceding data, it 
is apparent that the old yellow enzyme is not identical with cytochrome 
reductase and the question arises whether it could be a degradation product 
of the cytochrome reductase. In this case the denaturation of the re- 
ductase should result in a decreased activity with cytochrome but in- 
creased activity with oxygen. We have followed both reactions with 
enzyme preparations which were denatured by keeping them for several 
weeks at low temperature or for a few minutes at elevated temperature in 
0.025 m phosphate buffer, pH 7.2. The reaction with cytochrome was 


TABLE IV 


Incubation Activity towards oxygen Activity towards cytochrome c 
| 100 | 100 
28 days at 3° 64* | S.8T 
10 min. 50° 44 8.5 
] ’ 
X 2.3 X log 
= 1.1 10°75 (min.~!) = 6.0 (min."!) 


ksoe = 0.082 (min.~!) = 0.246 (min.-!) 
measured spectrophotometrically, as described previously (1); the re- 
action with oxygen, as described in Table II. The results are given in 
Table IV; & represents the velocity constants for the inactivation of the 
enzyme towards cytochrome and oxygen, respectively. 

The results of Table IV indicate that denaturation of the enzyme dimin- 
ishes its activity towards both oxygen and cytochrome and therefore the 
old vellow enzyme cannot be considered as a degradation product of cyto- 
chrome reductase. The activity of the enzyme towards cytochrome is 
destroyed to a greater extent than that towards oxygen. This faet indi- 
eates that the mechanism of oxidation by cytochrome differs from that in 
which oxygen takes part. 


Inhibition by Substituted Phenols 


Krahl and Clowes (4) and Krahl, Keltch, and Clowes (5), after finding 
that the respiration of fertilized Arbacia eggs is inhibited by certain sub- 
stituted phenols, showed that with cell-free systems neither the cyto- 
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chrome oxidase system nor certain dehydrogenase systems are affected 
by these substances. The catalytic activity of flavoproteins, however, is 
inhibited. 

To obtain information concerning the effect of 2,4-dinitro-o-cyclohexyl- 
phenol on the individual steps involved in the respiratory process, we have | 
investigated its effect on the various isolated components of the system | 
which involves cytochrome c, cytochrome reductase, triphosphopyridine _ 
nucleotide, Zwischenferment, and glucose-6-phosphate. With this informa- 
tion we then tried to correlate the inhibitory effect on isolated systems 
with that on the respiration of intact bakers’ yeast. 

Inhibition of Cytochrome Reductase>—Cytochrome reductase was in- | 
cubated with the substituted phenol for 15 minutes (0.001 mM phenol, | 
0.040 m phosphate buffer, pH 8.3, temperature 25°). The enzymatic 
activity was determined by the specific cytochrome reductase test previ- 
ously described (1). The result of the experiment showed that under the 
specified conditions the enzymatic action of cytochrome reductase was 70 
per cent inhibited. 

Triphosphopyridine Nucleotide (TPN) and Substituted Phenols—The 
specific test for TPN, described in a previous publication (6), can be used 
to study the effect of organic compounds on its catalytic activity. Despite 
incubation in a 0.001 m solution of 2 ,4-dinitro-o-cyclohexylphenol, buffered 
with phosphate, no effect on the catalytic activity of TPN could be ob- 
served. In the activity test the velocity-determining reaction is the 
oxidation of dihydro-TPN. Therefore one can conclude that dihydro- 
TPN is not affected by this substituted phenol. 

Inhibition of Zwischenferment—The rate of reaction of Zwischenferment 
Bai was measured by ultraviolet spectroscopy in a manner similar to the 
1% method of Negelein and Haas (7). The reduction of TPN is indicated by 
an increase in the light absorption at \ 340 my. Under the conditions 


. : specified in Table V, the rate of reduction of TPN is a function of the 
Bi Zwischenferment concentration. As the substituted phenols exhibit a 
strong light absorption in the ultraviolet region, it is necessary to use very 
thin absorption cells during this test. Zwischenferment was incubated for 
15 minutes at 25° (0.001 mM phenol + 0.05 m phosphate, pH 8.3). 

/ Details concerning the analytical test are given in Table V. The sup- 
: pression of the reduction of triphosphopyridine nucleotide indicates that 
ft 0.001 m 2,4-dinitro-o-cyclohexylphenol produces a 90 per cent inhibition 
of Zwischenferment. 

Inhibition of Respiration—The action of the substituted phenol on the 


?Dr. Krahl suggested this experiment in a private communication and kindly | 
3 supplied the substituted phenols. | 
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respiration of yeast was determined manometrically; the conditions are 
given in Table VI. 0.001 m 2,4-dinitro-o-cyclohexylphenol inhibits the 
respiration of bakers’ yeast 93 per cent. 


TABLE V 
Inhibition of Zwischenferment by 2, 4-Dinttro-o-cycloherylphenol 
Wave-length = 340 my; length of absorption cell = 0.10 cm.; temperature = 25° 


Experiment 1 | Experiment 2 
1.0 ml. 0.025 m phosphate buffer, pH 8.3. | 
5.8 mg. potassium salt of glucose-6-phosphoric | 
0.09 mg. Zwischenferment (impure)...... | 
0.36 triphosphopyridine nucleotide. . | 


Triphosphopyridine nucleotide reduced i in 101 min. 


mez. | 


0.210 | 0.032 


TABLE VI 
Effect of 2,4-Dinitro-o-cycloherylphenol on Respiration of Bakers’ Yeast 


Fleischmann’s bakers’ yeast; temperature, 25°; center cup, 0.1 ml. of 2 nN KOH; 
gas phase, air. 


A. Experiment | eansnpeonann 2 | Experiment 3 


2. 3 wy 0.025 m phosphate, , | > 
| | 
| 12 mg. yeast 12 mg. yeast 0 
1X m phenol 1 X 107? phenol 
Side arm 0.2 ml. H,O + 24 mg. glu- 
cose (added after 15 min. | 


incubation) | 
Oxygen uptake 
min c.mm | c.mm. c.mm 
20 57 5 0 
40 118 8 0 


A summary of the inhibition experiments with intact yeast and with the 
isolated systems is presented in Table VII. The components of the iso- 
lated system are arranged in the order in which they react. There is no 
inhibition of the enzyme system which reacts between oxygen and cyto- 
chrome c. This observation by Krahl and Clowes has been confirmed by 
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Dr. Bernard Block in our laboratory. Therefore it must be concluded that 
the interaction of the phenols takes place somewhere in the chain of 
enzymes between cytochrome c and glucose-6-phosphate. The results of 
Table VII indicate two possible points of interference by substituted 
phenols in the respiratory system, that is, cytochrome reductase and 
Zwischenferment, only one of which is a flavoprotein. Since the inhibitory 
action of substituted phenols is not restricted to flavoproteins, no definite 
conclusion concerning the significance of these enzymes in the respiration 
of the living cell can be obtained from these inhibition experiments. 


TABLE VII 
Effect of Substituted Phenols on Isolated Intermediary Steps and on Respiration of 
Living Cells 


Inhibition by 1 10°? 


Enzyme system 2.4-dinitro-o-cyclohexyl- 
phenol 
per cent 

Oxygen ) 

‘cytochrome oxidase 
Cytochrome c | 

-eytochrome reductase 70) 
Triphosphopyridine nucleotide, 
Zwischenferment 
Glucose-6-phosphate 
Respiration of bakers’ yeast 03 

SUMMARY 


1. With an improved procedure of isolation, eytochrome reductase can 
be obtained with a purity of 98 per cent and with 8-fold better vield than 
previously reported. 

2. Since the enzyme reacts about 10° times faster with evtochrome than 
with molecular oxygen, it must be concluded that the direct reaction of the 
reductase with oxygen is without physiological importance. 

3. Denaturation of the enzyme diminishes its activity with cytochrome 
to a much greater extent than that with oxvgen, thus indicating a different 
mechanism for the two reactions. Denatured cytochrome reductase and 
the old yellow enzyme of Warburg and Christian are not identical. 

4. 2,4-Dinitro-o-cyclohexylphenol inhibits the respiration of intact 
yeast cells. In isolated systems the substituted phenol inhibits the enzy- 
matic action of cytochrome c reductase and of Zwischenferment, but it does 
not inhibit the enzymatic oxidation of cytochrome c. The inhibition of 
enzymatic reactions by this substituted phenol cannot be regarded as a 
specific flavoprotein inhibition. 


4 
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THE DETERMINATION OF GLUCOSE IN MINIMAL QUANTITIES 
OF BLOOD 


By ROGER M. REINECKE 
(From the Division of Biochemistry, The Mayo Foundation, Rochester, Minnesota) 


(Received for publication, January 19, 1942) 


Folin and Malmros (1) have described a method for determining glucose 
in a tungstic acid filtrate of blood by the reduction of ferricyanide in the 
presence of a cyanide-carbonate buffer. The ferrocyanide formed was 
estimated colorimetrically after conversion to ferric ferrocyanide, Jeghers 
and Myers (2) modified this method, so that only 0.02 ml. of blood is neces- 
sary for an analysis. In this form the method has been serviceable in 
experiments on small animals in which only limited quantities of blood are 
readily available. It has, however, the disadvantage that not enough 
protein-free filtrate is produced to allow for duplicate analyses. Further- 
more, when an attempt was made to use a photoelectric photometer to 
estimate the amount of ferric ferrocyanide, some of the ferricyanide was 
reduced to ferrocyanide in the blank and the amount of reduction due to a 
given quantity of glucose varied from one group of analyses to another. 

It was found that the use of the photoelectric photometer with a properly 
chosen filter would allow the estimation of much smaller quantities of 
glucose, and that only a fourth as much filtrate as had been recommended 
was required for an analysis. ‘The remainder of the filtrate could then 
serve as an ample supply of material for repetition of the analysis. The 
reduction in the amount of filtrate used also allowed a decrease in the 
amount of ferricyanide that was added. This in turn eliminated most of 
the formation of ferrocyanide which had previously occurred in the.blank. 
In addition, the formation of ferrocyanide in the blank was found to occur 
only during the interval between the addition of the cyanide-carbonate 
buffer and the acid ferric gum ghatti solution. Since the rate of formation 
of the ferrocyanide ion in the blank has a negative temperature coefficient 
(3), a short heating period was inserted between the addition of the ferri- 
cyanide and the cyanide-carbonate buffer. This conforms with a pro- 
cedure previously developed by Schott.!. At the end of the usual heating 
period the tube containing the solution was cooled in ice water and the 
ferric gum ghatti was added as quickly as possible to reduce further the 
time during which the formation of ferrocyanide in the blank would be 
favored by a low temperature. ‘The combination of all these procedures 


1 Schott, H. F., personal communication to the author. 
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was sufficient to make the formation of ferrocyanide in the blank neg- 
ligibly small. 

The ferric ferrocyanide, as measured by absorption of light, was found 
to be formed at a progressively decreasing rate for about 30 minutes after 
the addition of the ferric gum ghatti solution. Alterations in temperature 
affected this process somewhat. Therefore, after the usual heating period, 
the solution was cooled to a given temperature rather than for a given time 
and was allowed to stand 45 minutes after the addition of the ferric gum 
ghatti in order to insure that the formation of ferrie ferrocyanide had 
approximated its limit. Empirical trial further showed that if the usual 
heating period was increased from 8 to 15 minutes and the solution was 
protected from air currents during this period the reproducibility of the 
results was improved. Thefinal form of the method evolved is as follows: 

Reagents— 

Ferric iron-gum ghatti solution. A saturated solution of gum ghatti is 
prepared by suspending the tears in a copper screen at the top of a tall 
container filled with water. About 18 hours should be allowed for satura- 
tion and 20 gm. of the gum should be used per liter of water. The solution 
is filtered and 7 gm. of ferric sulfate hydrate dissolved in 75 ml. of 85 per 
cent phosphoric acid per liter are added. Finally, small additions of 1 per 
cent potassium permanganate solution are made until a trace of pink 
persists for 15 minutes. 

Cyanide-carbonate buffer. 4 gm. of sodium carbonate dissolved in 20 to 
25 ml. of water are added to 0.75 gm. of sodium cyanide dissolved in 75 ml. 
of water. The combined solutions are then diluted to 500 ml. with water. 

Potassium ferricyanide solution. 250 mg. of potassium ferricyanide are 
dissolved in 500 ml. of water. 

Dilute tungstic acid. 10 ml. of 0.67 N sulfuric acid and 10 ml. of a 10 per 
cent solution of sodium tungstate are added separately to 480 ml. of water 
with shaking. 


Procedure 


0.02 ml. of blood is measured into 5 ml. of the dilute tungstic acid with a 
capillary pipette graduated ‘‘to contain,” and mixed by a stream of bubbles 
blown from the tip of the pipette. After 15 minutes the mixture is cen- 
trifuged and the supernatant fluid decanted. 1 ml. of this “‘filtrate’’ is 
transferred to a Klett-Summerson photometer tube graduated at 5 ml. 
(In the studies presented here, selected } * 4 inch lime glass culture tubes 
were substituted with good success.) 1 ml. of the potassium ferricyanide 
solution is then added and the tube is heated for 15 seconds in the boiling 
water bath. It is then removed from the bath, 1 ml. of the buffer is added, 
a marble is placed over its mouth, and it is replaced in the bath promptly. 
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The tube is now kept in the boiling water bath for exactly 15 minutes and 
then cooled in ice water until a thermometer in a control tube, which con- 
tains 3 ml. of water and has been heated concurrently, reads 30°. The 
marble should be removed during the cooling period, for when the ther- 
mometer shows 30° the tube is quickly removed from the ice water bath, 
and 1 ml. of the ferric iron-gum ghatti solution is immediately added. The 
volume is made to 5 ml. by the addition of water and the solution is thor- 
oughly mixed. The tube is now left for 45 minutes, and the amount of 


640 


Photormeter 2 
7 


| i i i i i 
20 40 60 80 100 120 140 160 180 200 220 240 260 280 
Blood glucose, mg. % 


Fic. 1. Calibration curve. Culture tubes (4 X 4 inches) were substituted for 
photometer tubes; 251 mg. per cent are equivalent to 10 y in the sample analyzed. 


ferric ferrocyanide present is then estimated in a Klett-Summerson photo- 
electric photometer fitted with a filter which has a maximal transmission 
at a wave-length of about 6400 A. (Corning filters, Nos. 243 and 978, the 
latter one-half standard thickness.) The photometer should be set to 
give a zero reading for a blank carried through the analysis with the sample 
and identical with it except that it contains distilled water instead of 
filtrate. If the sample gives a reading of more than 600 on the photometer 
scale the analysis should be repeated on a 0.5 ml. sample. 0.5 ml. of water 
must then be added to maintain the proper concentration of reagents. 
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The results obtained with this method have been so constant over a 
period of time and the amount of interfering material in the blank so 
minimal that it has been practical to use a calibration curve such as is 
shown in Fig. 1. Others (4) working with similar methods apparently 


TABLE I 


Analyses of Oxalated Blood to Which Known Quantities of Glucose Had Been Added* 
and Comparison with Somogyt’s Method 


The results are expressed in mg. per cent. 


Analysis by 
Glucose Somogyi’s Analysis by method described 
method 

91 111 144 193 

82 9] 111 138 191 

S4 91 113 141 191 

S4 87 112 137 191 

85 91 111 141 193 
83.2 90.2 111.6 140.2 191. 8 
Glucose expected. . 110.2 | 140. 2 190.2 


The of 100 oxal sent to the clinical 
laboratory for various analyses was pooled. Five 1 ml. samples were taken from 
this pooled sample for analysis by Somogyi’s first macroprocedure (6), and five 0.02 
ml. samples for analysis by the method described. The remainder of: the blood was 
used to fill three 50 ml. volumetric flasks containing 10, 25 and 50 mg. of United 
States Bureau of Standards glucose respectively. After thorough mixing five 0.02 
ml. samples were taken from each for analysis by the method described. 


TABLE II 
Equivalency of Fructose and Glucose 


Standard solutions made from United States Bureau of Standards glucose and 
Pfanstiehl c.p. fructose were used. 


Mg. per cent* 


Fructose present......... 13. 25) 50. 751 100 125, 151 176 201 226 6 251 125) 25 75 100 

Glucose | | 125 100 50 25 

Total sugar present 25 50. 75 100 125 151 176 201 226 251 125 125 125/125 125 
glucose, | | | | 

16) 26) 53) S0 103 132 150 183 203 231 251 126 131/127 128 130 


* 251 mg. per cent are equivalent to 10 y in the sample analyzed. 


have found it impracticable to use a blank to set the photometer. This, 
however, has been quite successful in this procedure. 

If quantitative pumps (5) are used, the addition of the reagents is speeded 
to such an extent that as many as seventeen samples and a blank can be 
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carried through the procedure in a group with good results. The outlet 
tips of these devices should be drawn fine enough so that the reagent is 
ejected with enough force to insure mixing. (Tuberculin syringes fitted 
with some sort of a device to prevent the plunger from pulling out further 
than the 1 ml. mark should be used on the pumps.) 


Comment 


In routine laboratory practice, analyses on each sample of filtrate car- 
ried through the procedure in different groups are expected to agree within 
5 per cent or within 2 units on the photometer scale. 95 per cent of a series 
of more than 300 analyses checked within this range on the first repetition. 

Table I shows that glucose added to oxalated blood can be accounted for 
in a satisfactory manner by this method. It also shows that the method 
will give slightly higher values than Somogyi’s method (6), as would be 
expected, since the tungstic acid filtrate used is known to contain more 
non-sugar reducing substances than the zine hydroxide filtrate. 

Table II shows that the method gives only very slightly higher values 
for fructose than for glucose and that, therefore, the method may be used 
in conjunction with the author’s fructose method (7) to determine varia- 
tions in blood glucose in fructose tolerance tests. 


I wish to express my appreciation to Miss Elma Lanterman for technical 
assistance in chemical analyses. 
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THE EFFECT OF VARIOUS SUBSTANCES ON THE ACTIVITY 
OF PURIFIED YEAST CARBOXYLASE 


By F. A. CAJORI 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia) 


(Received for publication, November 10, 1941) 


The components of the enzyme system in yeast, active in the decarboxy- 
lation of pyruvic acid, have been known since Lohmann and Schuster’s (1) 
identification of cocarboxylase in 1937. Recently, Green, Herbert, and 
Subrahmanyan (2) have succeeded in purifying this enzyme complex and 
have shown it to be a diphosphothiamine-magnesium-protein. In alkaline 
solution this conjugated protein readily dissociates into its components. 

During the course of the investigations on yeast, several workers ob- 
served that substances, other than the known components of the carboxy- 
lase system, augmented CO, production from pyruvic acid. Ochoa (3) 
and Lipschitz, Potter, and Elvehjem (4) reported that the decarboxyla- 
tion of pyruvic acid by alkaline washed yeast in the presence of Mg++ and 
either boiled yeast extracts or pure cocarboxylase was increased by thia- 
mine. Under the same conditions, hexose diphosphate also increased 
CO, production (4, 5). Greenberg and Rinehart (6) found that cysteine, 
reduced glutathione, and other reducing compounds stimulated pyruvic 
acid decarboxylation by yeast suspensions. 

Thiamine activation has been intensively studied by Lipton and Elve- 
hjem (7). ‘These investigators demonstrated that this effect is not the 
result of formation of cocarboxylase from the thiamine, as was earlier sug- 
gested. ‘They found that the response of yeast suspensions to added thia- 
mine differed greatly, depending on the type of yeast employed. They 
suggest that yeasts such as bakers’, in which added thiamine causes a 
marked increase in pyruvic acid decarboxylation, contain material, prob- 
ably protein, which can adsorb thiamine and also cocarboxylase. In the 
presence of excess thiamine more cocarboxylase remains unadsorbed and 
so is available to act as the coenzyme by combining with enzyme protein. 
Brewers’ yeast, which is activated by thiamine to a much smaller extent, 
according to this view, would contain less cocarboxylase-binding material. 

If this explanation of thiamine stimulation is correct, no effect would be 
expected if thiamine were added to the purified enzyme. Experiments 
with purified carboxylase are reported in this paper. It will be seen that 
thiamine and other substances which stimulate carboxylase activity in 
yeast suspensions have no effect, with the exception of cysteine, on the 
activity of the purified enzyme. 
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358 YEAST CARBOXYLASE 


EXPERIMENTAL 


The method of Green, Herbert, and Subrahmanyan (2) was followed for 
the preparation of purified carboxylase. This method, which involves 
removal of impurities from the yeast extract with calcium phosphate and 
subsequent fractionation with ammonium sulfate, has been successfully 
applied to both brewers’ yeast! and bakers’ yeast. The product of the 
third fractionation with ammonium sulfate, designated by Green, Herbert, 
and Subrahmanyan as Fraction IIIb was used as the purified enzyme. 94 
units (2) of carboxylase were obtained from 100 gm. of dry brewers’ yeast 
and 73 units from 100 gm. of dry bakers’ yeast. Based on dry weights 
from dialysis, the Qco, of the carboxylase from brewers’ yeast was 2750 
and the Qco, from bakers’ yeast, 2900. Carboxylase prepared from 
bakers’ yeast appeared to be identical with the carboxylase prepared from 
brewers’ yeast, as no differences were observed in the action of these two 
purified preparations on pyruvic acid. 

Carboxylase activity was determined by measuring the volume of CO, 
produced in the Warburg apparatus. The side arm of the Warburg vessels 
contained a solution of the substrate, 4 mg. of sodium pyruvate, and 
MgCl, (containing 0.1 mg. of Mg). The main vessel contained citrate 
buffer, pH 6.0, purified carboxylase, and the substances whose actions were 
to be tested. All solutions were adjusted to pH 6.0 (colorimetric) before 
use. The total fluid volume in the reaction vessels, after tipping, was 2.0 
ml. The gas phase was air. CQO, production was measured at 15 minute 
intervals for an hour. The bath containing the vessels was usually at 20°. 
The finding of Green, Herbert, and Subrahmanyan (2) of higher carboxy- 
lase activity in citrate than in phosphate was verified. When stored in the 
cold room under half saturated ammonium sulfate, the purified carboxylase 
retained its activity satisfactorily. 

The carboxylase unit as defined by Green, Herbert, and Subrahmanyan 
(2) is based on the enzyme action at 30°. In the present experiments, the 
manometric measurements were usually made at 20°. The temperature 
coefficient between 20-30° was determined and found to be 1.8. 


Results 


Typical results of experiments with purified carboxylase are presented in 
Table I. In contrast to results with yeast suspensions, the rate of CO, 
production from pyruvic acid was not increased when purified carboxylase 
(diphosphothiamine-magnesium-protein) was supplemented with cocar- 
boxylase?, thiamine, histidine, or creatinine. These results demonstrate, 


1 Obtained from the Philadelphia Brewing Company. 
2 Kindly supplied by Merck and Company, Inc. 
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in our opinion, that the stimulating effect of these substances involves ma- 
terial, other than the enzyme, present in yeast suspensions. In purified 
carboxylase preparations this inhibiting material is absent. Discussing 
the mechanism of thiamine stimulation, Lipton and Elvehjem (7) postulate 
that protein present in yeast, other than enzyme protein, inhibits CO, 
production by binding cocarboxylase. This conclusion is not necessarily 
invalidated by the finding (Table I) that the addition of inactive yeast pro- 
tein (obtained by allowing alkaline washed yeast to age for a few days) to 
purified carboxylase does not inhibit the enzyme action. The cocarboxy- 
lase in the purified carboxylase complex is presumably all combined with 
enzyme protein. It at least shows that there is no reversible reaction. 

In contrast to the results with thiamine and histidine it will be observed 
that cysteine stimulated the decarboxylation of pyruvic acid by purified 


TABLE I 
Effect of Various Supplements on Activity of Purified Carborylase 


CO:, c.mm. per 45 min. 


Supplement 
With supplement 

Histidine, 5 mg... tak | 173 174 
yeast, 0.1 121 122 
Cysteine, 5 | 172 | 233 


carboxylase as well as by yeast suspensions. Cysteine appears to have a 
direct action on the enzyme in contrast to the indirect action of the other 
substances. 

A large number of experiments have been done in which substances of 
biological occurrence were added with cocarboxylase to alkaline washed 
brewers’ yeast and the effect of these additions on the decarboxylation of 
pyruvic acid observed. A stimulating effect was exhibited by histidine, 
histamine, and some other imidazole compounds. In spite of relatively 
large quantities of material used, the increase in CO, production was small 
and was of the same order of magnitude whether brewers’ or bakers’ yeast 
was used. The average increase in CO, was 17, 24, and 45 per cent, respec- 
tively, when 2.5, 5, and 10 mg. of histidine were added. 5 mg. of histamine 
produced a 38 per cent increase in CO, production. 5 mg. of anserine, car- 
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nosine, creatinine, or methylimidazole resulted in 10 to 14 per cent in- 
creases. 

The stimulating effect on decarboxylation brought about by these com- 
pounds does not involve marked change in their chemical make-up, at least 
to an extent that modifies the diazo reaction in the case of histidine and 
histamine or the Jaffe reaction of creatinine. No change was found in the 
concentration of these substances, determined colorimetrically, during an 
hour’s contact with alkaline washed yeast, pyruvie acid, and cocarboxy- 
lase. If cocarboxylase was omitted from the reaction, the presence of 


TABLE II 


Inhibition of Carborylase by Hemin 


COs, c.mm. per 45 min. 


Control, no With 
supplement supplement 

l 0.5 mg. hemin 167 
0.1 206 154 

148 

8 y cocarboxylase 122 

3 0.25 191 29 
* 20 y cocarboxyvlase 27 

4 199 22 
20 y thiamine 27 

5 0.02 * = | 149 122 
1 mg. thiamine 119 

6 16] 146 
5 mg. histidine 143 

7 33 
5 mg. histidine | 

138 


0.02 * 4 25 mg. creatinine | 108 


imidazole compounds did not lead to any decarboxylation of pyruvic acid. 
Evidently, they cannot replace cocarboxylase as a coenzyme. 

When purified carboxylase was used instead of yeast suspensions, histi- 
dine had no effect on COs production. This suggests that materials pres- 
ent in yeast but absent from purified carboxylase preparations are involved 
in this action. 

Purified Carboxylase and Hemin —In Table II results are presented which 
show that small quantities of hemin inhibit the action of purified carboxy- 
lase. These experiments were suggested by the fact that histidine, hista- 
mine, and other basic substances can form hemochromogens and considera- 
tion of the possibility that the indirect effect of these compounds on 
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carboxylase action involved hemochromogen formation. It is of consid- 
erable interest to find in hemin a substance which inhibits the activity of 
purified carboxylase. Hemin-like compounds are present in yeast but 
absent from purified carboxylase. 

The question as to whether imidazoles exert their stimulating action on 
CO, production from pyruvie acid in yeast suspensions by combining with 
a hemin inhibitor present in yeast cannot be definitely answered at present. 
As will be seen in Table II, we were unable to protect carboxylase from 
hemin inhibition by adding histidine or other substances that might com- 
bing with hemin. In view of these results, a mechanism of imidazole 
stimulation of carboxylase action in yeast which involves hemin could not 
be established. 


SUMMARY 


Purified carboxylase has been prepared from both brewers’ and bakers’ 
yeast. The temperature coefficient for carboxylase was found to be 1.8 
between 20-30°. 

Thiamine, cocarboxylase, histidine, and other imidazole compounds, 
all of which stimulate decarboxylation when suspensions of washed yeast 
are used, had no effect on the rate of COs production from pyruvie acid 
by the purified carboxylase. Cysteine stimulated the action of the puri- 
fied enzyme as well as the carboxylase action of yeast suspensions. Hemin 
was found to inhibit the activity of pure carboxylase. 
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INVESTIGATIONS ON THE NATURE OF BLOOD IODINE* 


By D. 8. RIGGS,t PAUL H. LAVIETES, ann EVELYN B. MAN 


(From the Departments of Psychiatry and Internal Medicine, Yale University School 
of Medicine, New Haven) 


(Received for publication, December 10, 1941) 


The present report concerns experiments which were undertaken to define 
certain characteristics of blood iodine and to shed some light on the prob- 
able nature of the circulating thyroid hormone. The authors have pre- 
viously demonstrated with a permanganate acid ashing micromethod for 
iodine analysis that the whole blood iodine in euthyroid individuals lies 
within the limits of 2.4 to 4.2 y per cent (2). The six groups of experi- 
ments to be described provide data on (1) the comparative iodine content 
of whole blood and serum or plasma, (2) iodine in the cerebrospinal fluid, 
(3) the distribution of iodine after ultrafiltration of serum, (4) the distribu- 
tion of iodine during dialysis of serum, (5) the comparative iodine content 
of the albumin and globulin fractions of serum, and (6) the distribution of 
iodine in ultracentrifuged serum. 


Material and Methods 


All of the blood used was venous blood, drawn from human subjects with 
the usual strict precautions against contamination with iodine. None of 
the subjects had received previous iodine medication except as otherwise 
noted. In most cases the blood was taken in the morning before breakfast. 
Oxalated blood, in which the concentration of potassium oxalate did not 
exceed 0.2 per cent, was used for whole blood analysis and for the deter- 
mination of the volume of packed red cells. Plasma was obtained by 
centrifugation of a portion of the oxalated whole blood. Serum was 
obtained from blood collected under oil in tubes and allowed to clot before 
being centrifuged. If a large quantity of serum was desired, blood was 
drawn from several individuals and the serum pooled before analysis. In 
the following experiments, serum and plasma have been used interchange- 
ably, as there has seemed to be no difference in their iodine content. 

The volume of packed red cells (cell volume) was determined by cen- 
trifuging oxalated blood in Wintrobe hematocrit tubes at high speed until 


* This work was aided in part by grants from the Knight and Fluid Research 
Funds, Yale University School of Medicine. 

Presented in part before the American Society of Biological Chemists, 1941 (1). 

t Alexander Brown Coxe Memorial Fellow, Departments of Physiology, Psychia- 
try, and Mental Hygiene, Yale University School of Medicine, 1940-41. 
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constant readings were obtained. Although this method is subject to 
considerable error (3), it was deemed sufficiently accurate because of the 
much larger possible error of the iodine analyses. 

Serum proteins were determined by the Kjeldahl method (4). The 
permanganate acid ashing method of Riggs and Man (5) was used for 
iodine determinations. Analyses were usually made in duplicate; excep- 
tions are noted in the tables. If the duplicates failed to check within 
0.05 y, the analysis was repeated. The aliquots taken for analysis were 
as large as the quantity of available material permitted; usually 10 ec. of 
whole blood or from 5 to 7 ec. of plasma or serum were used. 

Various special procedures will be described later as each group of experi- 
ments is presented. 


EXPERIMENTAL 


Comparative Iodine Content of Whole Blood and Serum or Plasma—In 
thirteen experiments plasma or serum iodine has been compared with whole 
blood iodine. From these determinations and from the cell volume, the 
quantity of cellular iodine can be calculated. Direct analysis of packed 
red cells was not attempted because of the difficulty of washing the erythro- 
cytes free from adherent serum or plasma without damaging the cells. 
The results of these experiments are given in Table I. 

The first ten experiments were on subjects who had received no previous 
iodine therapy. Within the limits of experimental error, the values for 
iodine in 100 ce. of whole blood, and in the serum or plasma of 100 ec. of 
whole blood, were the same. This is further emphasized in the last column 
of Table I which gives the per cent of the total blood iodine accounted for 
by the iodine in the serum or plasma. For the six euthyroid and the two 
hyperthyroid subjects this varied from 90 to 111 per cent, averaging 101 
per cent. Although for the myxedematous patient the values for iodine in 
whole blood and iodine in the plasma of 100 ec. of whole blood checked 
within 0.1 y per cent, the actual values are so low that no weight can be 
placed on the per cent value in this instance. 

It is clear from these figures that the red cells normally contain no de- 
tectable iodine. However, the last three experiments of Table I indicate 
that when inorganic iodine has been administered recently the serum or 
plasma iodine accounts for only about 70 per cent of the whole blood 
iodine. The remaining 30 per cent must have diffused across the red cell 
membrane. 

Iodine Content of Cerebrospinal Fluid—Table LL presents six experiments 
in which the iodine content of cerebrospinal fluid was determined. The 
spinal fluid was obtained by lumbar puncture, from patients without 
meningeal disease, prior to encephalography. No iodine was used in 
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Taste I q 
Comparative lodine Content of Whole Blood and Serum or Plasma | 
0 | Todine in | Whole 
| Cell Whole | Serum or | blo. 4 
e Patient | Diagnosis | Serum iodine | blood |Plasma of} iodine 
iodine of whole | rum or 
| | | P 
cent fer cont cent cent 
~ R. Normal None 43 5.4* 3.1} 3.1) 100 
nite 43 4.7* 3.0| 2.7] 90 
48 5.5* 3.11 2.9) 94 
| M. | 40 4.4* 2.4 2.6) 108 
| 44 5.5 3.2} 3.1) 97 
W.B. Hyperthyroid) 47 14.8° | 7.4 7.8) 105 
| 41 14.0 | 7.5) 8.3) 111 
dle K. | Myxedema None 38 Not > 0.8* 0.3 0.4 (133) 4 
Normal KI 15 grains in- 43 2306.0* 1928.0) 1314.0 68 
 travenously 5 | 3 
| hrs. previously | 4 
KI 15 grainsin- 44 = 46.4* 26.0) 74 4 
 travenously 49 | 
us hrs. previously | | 
Hyperthyroid Lugol’s solution | 39 | 27.4 16.7, 68 
of | | _ 5 drops t.i.d. | 4 
wo Plasma used instead of serum. ' 
| TaBLeE II 
be Iodine Content of Spinal Fluid 
be | | | | Spinal fluid 
Patient Diagnosis Serum iodine | 
| | Todine {Aliquots used 
de- | per cent | per cent | cc. 
ate | C Cortical atrophy 02 | 
or B. Convulsions, probably Jacksonian 5.6¢ | 0.2 | 50 
of unknown etiology <O.1 | 25 
cell D. Psychopathic personality | 4.9 01 | 
F, Cerebral atrophy | See | 0.4 | 80 
ut * Plasma. 
in |} t Calculated from whole blood iodine. 


t Single determination. 
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preparing the skin for the spinal tap. All the spinal fluids analyzed were 
normal as to protein content and cellular components. On the day of the 
lumbar puncture, blood was also drawn for iodine determination. While 
the values given in Table II for cerebrospinal fluid iodine are extremely 
low, they are quite reliable because of the large aliquot’ used for analysis. 
Apparently the spinal fluid contains only minute traces of iodine. 
Distribution of Iodine after Ultrafiltration of Serum—The experiments on 
distribution of iodine between cells and serum indicated that normal circu- 
lating iodine is not diffusible across the red cell membrane, differing in this 
respect from administered inorganic iodine. ‘Table III presents additional 


TaBLe III 
Iodine in Ultrafiltrates of Serum or Plasma 

| Ultrafiltrate Residue — Serum or plasma iodine 
| Iodine Iodine | Determined | 
| cc. y per cent cc. ag | y per cent | 
M. Normal | 14.9INot > 0.3) 15.2) 7.7| 4.4¢ | 3.9 
G. | 21.3} 0.3 14.2;}11.5; 5.5 4.7 
B. | 15.9): 0.5 9.0) 11.9; 5.0 4.3 
Z. Hyperthyroid | 19.3 1.0 10.5) 33.3 11.7 
M. K. 9.1 0.9T 8.6 18.3T 8.9 
After thyroidectomy 8.0\Not > 0.3) 6.2) 4.7 
A. K Myxedema 11.8! “ > 0.4) 9.8) 1.0 Not >0.8t 0.5 
Z. Hyperthyroid, on 10.4 3.4 27.0; 27.4 

Lugol’s solution | | | 
Ps 12.9} 11.4 8.6, 51.2 | 57.9 


* Calculated on the assumption that all of the serum iodine is present in the 
residue. 

+ Plasma used instead of serum. 

t Single determination. 


evidence that serum iodine is not readily diffusible. Serum or plasma was 
subjected to ultrafiltration under mercury pressure through a cellophane 
membrane at room temperature for about 24 hours. By this procedure, 
which has been described by Lavietes (6), colloidal substances are com- 
pletely retained in the substrate or residue, allowing smaller molecules to 
pass across the membrane into the ultrafiltrate. Iodine was measured in 
ultrafiltrate and residue, and when possible the whole blood iodine and 
serum iodine were also estimated for comparison. 

In the first eight experiments, when serum or plasma from individuals 
who had not received previous iodine treatment was ultrafiltered, the 
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major portion of the iodine was retained in the residue. Indeed three of 
the ultrafiltrates contained no detectable iodine. As a check on this, the 
iodine of serum or plasma was calculated on the assumption that the ultra- 
filtrate contained no iodine. The calculated values agreed with the deter- 
mined values within the experimental error of the method. 

In the last two experiments of Table III an attempt was made to use 
ultrafiltration for the determination of bound iodine in the sera of hyper- 
thyroid patients on Lugol’s solution. Considerably more iodine was found 
in the ultrafiltrates than when no iodine therapy had been employed. Yet 
in both experiments the sum of the ultrafiltrate iodine and the residue iodine 
was far less than the iodine in the unfiltered serum. ‘To determine whether 
inorganic iodine might be precipitated by contact with the mercury in the 
ultrafiltration apparatus, potassium iodide was added to normal serum. 
Part of this mixture was shaken with mercury before analysis, and part 
was analyzed directly. The portion shaken with mercury was found to 
contain only about two-thirds as much iodine as the untreated portion. 
Apparently some of the iodide had been rendered insoluble by contact 
with mercury. This finding does not invalidate the conclusion, based on 
the first eight ultrafiltration experiments, that virtually all of the naturally 
occurring circulating iodine is organically bound, for if a significant part of 
it had been present as inorganic iodide, the values for serum iodine calcu- 
lated from the residue iodine would not have checked so well with the serum 
iodine values found by actual analysis. 

Distribution of Iodine during Dialysis of Serum—Bound iodine was deter- 
mined directly in serum freed from inorganic iodine by dialysis against 0.5 
per cent iodine-free sodium sulfate solution. Control experiments indi- 
cated that added inorganic iodide was removed completely from serum by 
this procedure, without affecting the organic iodine originally present. A 
hyperthyroid subject with a serum iodine of 14.0 y per cent and a basal 
metabolic rate of +41 per cent on admission was treated with 15 drops of 
Lugol’s solution daily. After 11 days the basal metabolic rate had fallen 
to +14 per cent and the serum iodine was 65.7 y per cent; yet the bound 
iodine (dialyzed serum iodine minus the concentration of iodine in the 
dialysate) was only 7.0 y per cent. After a period of 4 days without 
Lugol’s solution, to allow for elimination of inorganic iodine, the serum 
iodine was found to be 7.5 y per cent, a value practically the same as the 
bound iodine when the patient was on iodine therapy. A further illustra- 
tion of how dialyzed serum may be used to follow the concentration of 
bound iodine in the serum of patients being given Lugol’s solution is 
presented in Fig. 1 where bound iodine and basal metabolic rate are plotted 
against time. 

Comparative Iodine Content of Albumin and Globulin Fractions of Serum— 
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In three experiments (Table IV) the iodine associated with the albumin and 
globulin fractions of serum from hyperthyroid patients was directly deter- 
mined. In the first experiment serum globulin was precipitated with 22 
per cent sodium sulfate solution in the proportions of serum 1 to sodium : 
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Fic. 1. Basal metabolic rate and bound iodine of a hyperthyroid patient treated 
with Lugol’s solution before and after thyroidectomy. 


TABLE IV 
Distribution of Iodine between Albumin and Globulin of Serum 
hens of globulin Albumin iodine 
Ali- | | | min |Serum | Albu- |Globu- 
Patient Undia-| Dia- lin dine + per gm.|pergm. 
‘Times lyzed | lyzed Aver-/| iodine lglobulin iodine min lin albumin/globulin 
por- | Por- | age | jodine 
last tion | tion | 
weed | pptn. | 
per | per| vper| per per | | 


cc. Per | 100 cc. cc. |100 cc.| 100 cc. | 100 ce. | PE” Per Em. per 


| cent | serum | serum serum | serum | | cent | cent p 
Pu.| 6 3 | 49.6) 14.0 14.0) 4.9 | 18.9 | 17.3) 4.30) 2.47; 3.3 | 2.0 | ‘ 

Pe. | 9: 2 68.2) 14.5} 14.1) 14. 3 2.1 | 16.4 | 18.7| 3.10} 3.11} 4.6 | 0.7 
10 3 62.4 15.0) 16.6 15.8 3.8 19.6 18.6) 4.121 3.00, 3.8512 


sulfate 30 (4), and in the last two experiments with 24 per cent sodium | tt 
sulfate solution in the proportions of serum 1 to sodium sulfate 9. The 
globulin was filtered on Whatman No. 50 filter paper, and the filtrate was SI 
saved for albumin and iodine analyses. The globulin was calculated as the m 
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difference between the total protein determined in the original serum and 
the albumin (total protein) in the filtrate. In the second and third experi- 
ments a portion of the filtrate was dialyzed before iodine determination in 
order to make certain that none of the iodine in the albumin fraction was 
inorganic. The globulin precipitate was washed with several portions of 
22 per cent sodium sulfate solution, and the washings were discarded. The 
precipitate was dissolved in a small quantity of 0.2 N potassium carbonate, 
reprecipitated, filtered, and washed again. ‘This procedure was repeated 
once and the precipitate was finally dissolved in 0.2 N potassium carbonate 
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Fig. 2. Sedimentation of iodine (1), albumin (A), and globulin (G) in ultracen- 
trifuged serum. 100 per cent on the ordinate represents the concentration in the 
middle or uncentrifuged portion. In each experiment, except the third, serum was 
centrifuged for 2.5 hours at the speed indicated. In the third experiment the serum 
was centrifuged for 2 hours. Centrifuge head fell off in first experiment. 


and made up to a volume of 100 ec., from which aliquots were taken for 
protein and iodine determinations. The globulin iodine in 100 ec. of 
serum was calculated on the assumption that the recovery of globulin 
iodine after reprecipitation was proportional to the recovery of globulin. 

The results indicate that, while most of the iodine was associated with 
the albumin fraction, a small part of the serum iodine was in the globulin 
fraction. However, because of the small number of determinations, the 
small aliquots used, and the many sources of possible error, these experi- 
ments are suggestive rather than in any way conclusive. 


a 


| 
2 | 
4 
dine 
bulin 
0 

The 

was | 

the | | 


370 BLOOD IODINE 


Distribution of Iodine in Ultracentrifuged Serum—Another approach to 
the problem of the nature of serum iodine has been provided by a com- 
parison of the sedimentation rates of iodine, albumin, and globulin in 
ultracentrifuged serum. Pooled normal serum, or serum from untreated 
hyperthyroid patients, was centrifuged at speeds of from 600 to 850 revolu- 
tions per second for several hours in a Beams ultracentrifuge! (7). Portions 
of approximately equal volume were drawn off representing the top, middle, 
and bottom layers, or sometimes only the top half and bottom half, of the 
centrifuged serum. Each portion and, whenever possible, a sample of 
uncentrifuged serum were analyzed for iodine content. The albumin and 
globulin in each portion were determined by salting-out with 22 per cent 
sodium sulfate as described by Bruckman, D’Esopo, and Peters (4). 

The results of these determinations are presented in graphic form in 
Fig. 2. On each vertical line the points represent the concentration of 
iodine, albumin, or globulin in the top, middle, and bottom portions, the 
concentration being expressed as the per cent of the concentration in the 
uncentrifuged portion or in the middle portion. Thus the length of each 
line is proportional to the extent of sedimentation. It is apparent that the 
increase in iodine concentration from top to bottom closely paralleled that 
of albumin, while the sedimentation of globulin proceeded much more 


rapidly. 
DISCUSSION 


At the present time there is no general agreement concerning the amounts 
of iodine to be found in the red blood cells (8-10). Our observation that 
the erythrocytes of both normal and hyperthyroid subjects contain little 
or no iodine is in agreement with that of Klassen, Bierbaum, and Curtis 
(11). However, the data on patients treated with inorganic iodine sug- 
gest that znorganic iodine is distributed fairly evenly through the water of 
cells and serum. 

Our figures for iodine content of cerebrospinal fluid also agree with those 
of Klassen, Bierbaum, and Curtis (12) who found from 0.2 to 0.8 y per 
cent and an average of 0.5 y per cent of iodine in the spinal fluids of ten 
euthyroid and ten hyperthyroid patients. Their experimental error when 
they used aliquots of 15 to 25 ec. has been minimized in the present experi- 
ments by employing 25 to 80 cc. aliquots. 

Most of the early work on the nature of blood iodine concerned the 
separation of the iodine into so called ‘‘organic”’ and “‘inorganic”’ fractions 
by the use of various organic solvents. ‘The fallacies involved in such a 
separation have been adequately discussed by Salter (9, 13) and Trevor- 


e The authors are greatly indebted to Dr. Kurt G. Stern of the Department of 
Physiological Chemistry for the ultracentrifugation of the serum. 
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row (8). The experiments on ultrafiltration and dialysis described above 
demonstrated that virtually all of the normally circulating iodine behaves 
as if it were bound to colloid particles. These results accord with Silver’s 
(14) observation that all the iodine usually present in blood is not dialyzable 
through a cellophane membrane. 

Salter has suggested the separation of plasma iodine into “I” iodine, 
presumably iodide because ultrafilterable or non-precipitable, and into 
“Pp” iodine, “‘the maximum adsorbable on protein or precipitable with 
protein molecules” ((9) p. 75). Salter and his associates (10, 15) have 
found 0.5 to 4.9 y per cent of inorganic iodine in plasma. The fact that in 
only two of Salter’s twenty-four patients with varying degrees of myx- 
edema and hyperthyroidism the inorganic iodine was as high as 4.0 y per 
cent (10) renders the chance high values open to question. Whatever the 
exact concentration of inorganic iodine, there is general agreement that it 
normally represents only a small fraction of the total circulating iodine, 
and that the clinically significant fraction is associated with the serum 
proteins. | 

The failure of Lerman (16) to detect thyroglobulin in the blood of euthy- 
roid and of hyperthyroid individuals by extremely sensitive serological 
tests suggests that the circulating thyroid hormone is not thyroglobulin. 
Bassett, Coons, and Salter (10) analyzed various protein fractions in human 
and animal plasma and concluded that the protein-bound iodine resided 
chiefly in the traditional albumin fraction, as was suggested by the data 
in Table IV. The similar sedimentation rates of iodine and albumin in 
ultracentrifuged sera also indicate that most of the iodine is associated 
with the albumin fraction. As a preliminary hypothesis, the authors sug- 
gest that the circulating thyroid hormone be regarded as an iodine-contain- 
ing compound of approximately the same size as serum albumin, or one of 
smaller size which is restrained from diffusion by serum albumin. 


SUMMARY 


1. In the absence of previous iodine therapy, practically no iodine can 
be demonstrated in erythrocytes, cerebrospinal fluid, ultrafiltrates, or 
dialysates of serum or plasma. 

2. Dialysis of serum from patients receiving iodine therapy is a con- 
venient method for separating inorganic iodine from the clinically signifi- 
cant bound iodine fraction. 

3. When serum globulin is separated from serum albumin by salting-out 
with 22 per cent sodium sulfate solution, more of the serum iodine is found 
in the albumin fraction. 

4, When blood serum is subjected to ultracentrifugation, the sedimen- 
tation of iodine compounds occurs at a rate very nearly equal to that of 
serum albumin. 
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THE STRUCTURAL SPECIFICITY OF CHOLINE AND BETAINE 
IN TRANSMETHYLATION 


By A. W. MOYER anp VINCENT pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, New York 
Cily) 


(Received for publication, January 28, 1942) 


In a previous investigation (1) it was found that homocystine (or homo- 
cysteine) in the presence of choline would support growth of young rats on a 
methionine-free diet, whereas in the absence of choline homocystine did not 
replace methionine. Betaine, because of its structural relationship to 
choline and because of its wide-spread occurrence in natural products along 
with choline, was tested and found to be effective, but not so effective as 
choline (2). 

It was noted that when rats were fed the choline-free diet, in which 
homocystine was the only sulfur-containing amino acid present, fatty in- 
filtration of the livers occurred (1); the fat content of the livers was in- 
creased from the normal value of 4 to 6 per cent to 20 to 30 per cent. The 
possibility therefore could not be disregarded that the fatty infiltration in 
itself may have hindered the conversion of homocystine to methionine 
without a direct metabolic relationship between choline and homocystine 
being involved. ‘Thus the failure of rats to grow on the homocystine diet 
without choline might have been due simply to damage of liver function. 
If this were true, it would seem likely that any compound which inhibited 
fatty infiltration of the liver might permit the normal process of methyla- 
tion to occur. An interesting compound to try from this standpoint was 
triethylcholine, which has a lipotropic effect on the liver of the same order 
of magnitude as that of choline (3). Preliminary experiments, however, 
which we confirm in this paper, showed that triethylcholine did not support 
growth of rats on the homocystine diet, thus indicating that the ability of 
choline to support growth under these conditions is not dependent on the 
lipotropic effect. We therefore felt justified in interpreting our data as 
signifying a synthesis of methionine from homocystine by an actual transfer 
of the methy! group from choline to the reduced homocystine. The methyl 
groups of choline were regarded as being biologically labile (1), which en- 
abled the choline to act as a methyl donator. Conclusive evidence in favor 
of this interpretation has recently been presented (4, 5). 

Once the réle of choline as a donor of methyl groups became clear, we 
became interested in the relationship of the structure of choline to this 
behavior. To elucidate the problem, the methyl-donating ability of a 
systematically varied group of compounds structurally related to choline 
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was studied. The growth of young rats on the methionine-free, homo- 
cystine-containing diet to which the compound in question was added was 
used as a criterion of this ability. Analogues of choline were tested, for 
instance, in which one or two of the N-methyl groups had been substituted 
by N-ethyl groups. Other analogues were used in which various substitu- 
tions had been made in the ethanol moiety. The arsenic analogue of 
choline was also tested, as well as various betaines and related compounds. 
The effect of some of the compounds on the fatty infiltration of the liver was 
also determined. 


EXPERIMENTAL 


Two kinds of diets have been used for the testing of these compounds. 
One was the amino acid diet devoid of methionine and cystine but con- 
taining homocystine. This diet and the vitamin supplements used have 


TABLE I 
Composition of HIl-Hydrolyzed Casein Diet 


— 


per cent 
Hydrolyzed casein... | 20.0 
Tryptophane........ | | 0.4 
0.4 
Homocystine..... 0.8 
Salt mixture (Osborne and Mendel)*... 4.0 


* Osborne, T. B., and Mendel, L. B., J. Biol. Chem., 37, 572 (1919). 


previously been described (2). In the other diet, the amino acids were 
supplied by a hydriodic acid hydrolysate of casein prepared in a manner 
similar to that used by Welch (6). Exhaustive testing of this diet with and 
without choline showed the necessity of supplementation of this amino 
acid mixture with small amounts of histidine, threonine, and homocystine, 
together with the same amount of tryptophane that was used in the amino 
acid diet. The composition of this diet isshownin Table I. The results of 
the feeding experiments are shown in Table II. The amino acid diet is 
designated as Diet A and the hydriodic acid hydrolysate of casein as Diet B. 
Several compounds other than those shown in Table II were fed. These 
were found to be so toxic that lethal doses consisted of only a few mg. 
They were tetramethylammonium chloride, neurine bromide, the betaine of 
8-alanine, and diethylmethylhydroxyethylammonium chloride. 
Preparation of Hydrolysate of Casein—200 gm. of casein were hydrolyzed 
for 8 hours in 2 liters of 57 per cent (constant boiling) HI in an oil bath at 
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II 
Compounds Tested, Growth Changes, and Food Consumption 
Average 
Daily supplement to basal diet consump 
weight 
gm. gm 

No supplement 4.1 —0.1 
4.6 —0.1 
2.8 +0.1 
3.0 0.0 
—0.5 
Choline chloride (50 mg.) 3.2 +0.9 
(50 ) 3.5 +0.7 
No supplement 3.5 —1.8 
Choline chloride (50 mg.) 4.1 +0.8 
Lecithin (56 mg.) 5.0 +2.1 
Phosphorylecholine (60 mg.) 4.9 +1.7 
Homocholine bromide (10 mg.) 2.0 0.0 
(10 ‘6 ) 28 +0.3 
- Arsenocholine chloride (36 mg.) 4.5 —0.4 
| (36 ) 4.5 —0.7 
 Triethylcholine chloride (30 mg.) 4.7 —0.7 
 Trigonelline (50 mg.) 5.1 —0.6 
(50 ) 4.3 —0.5 
Serine betaine (50 mg.) 3.2 —0.8 
Homomethionine (38 mg.)t 2.7 —0.2 
S-Methyleysteine (46 4.0 —0.2 
_Stachydrine (40 5.0 —Q.1 
8-Methyleholine chloride ethyl ether (20 1.8 0.0 


mg.) 


Dimethylethyvlhydroxyethylammonium 


chloride (27.5 mg.) 


Dimethylethylhydroxyethylammonium 


chloride (50 mg.) 


supplement 


Dimethylethylhydroxyethylammonium 


chloride (50 mg.) 
No supplement 
Dimethylethylhydroxyethylammonium 
chloride (50 mg.) 


10- 
for 
Rat No. Da 
ted and sex ond 
tu- | 
24 
Vas | 24 
| | 24 
| 
2 
24 
| 2 
sve 
| 24 
1: ; 
6 
19 
12 
| 24 
| 2 
| 
20) i 
10 ; 
24 
14 
rere 14 
ner | 6 
and 704 on 21 
| 
11no 
| 249 7 | 20 
| 
s of 2 
tis | | 
tB. | 64467 12 2.1 
hese | 
mg. | 647 9 24 3.9 +0.5 
e of 647 ¢ 12 3.3 ~1.8 
| 647 8 3.1 +0.6 
zed | 
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TaBLE [I—Concluded 


verace,| 
| Diet | Daily supplement to basal diet | pan ain or 
| tion 
| | | weight 
| - | gm. gm. 
604 ow 8 | B Cystine betaine (50 mg.) | 4.4 0.0 
605 8 ‘Choline chloride (50 “ ) +1.2 
644 & 16. Alanine betaine (50 “ ) —0.6 
678 2 | 20  @,a-Dimethylcholine chloride (50 mg.) | 3.6 
679 | 20 | 3.0 —0.5 
682 20  Diethylmethyl-8,y-dihydroxypropylam- 2.6 —0.7 
| monium chloride (50 mg.) | | 
Dimethylglycine (50 mg.) | 3.0 —0.9 
738 7 | 16 (50. —0.9 
739 7 | «16 | Methyl ester dimethylglycine (50 mg.) —1.5 


* Denotes death of animal. fe 
+ Compound mixed with diet. 


145-150°. Freshly distilled HI was used to which 0.5 per cent sodium hy- 
pophosphite was added as a preservative. Nitrogen was passed over the 
reaction mixture throughout the hydrolysis to maintain a non-oxidizing 
atmosphere. After 8 hours the material was assayed by the micro-Baern- 
stein method for completeness of demethylation of methionine. If the 
demethylation were sufficiently complete so that less than 2 mg. of meth- 
ionine per day would be present in the diet, the hydrolysis was considered 
satisfactory. The excess HI was then removed in vacuo. ‘The residue was 
dissolved in water and the iodides were precipitated with silver sulfate. 
Excess silver was removed by treatment with hydrogen sulfide, and the 
hydrogen sulfide was removed by bubbling a stream of air through the solu- 
tion. The sulfuric acid formed by the silver sulfate treatment was quanti- 
tatively removed with barium hydroxide. All precipitates were thoroughly 
washed by suspending them several times in hot water and the filtrate was 
added to the main body of material. The combined filtrates were concen- 
trated in vacuo, were transferred to an enameled dish, and were dried in a 
vacuum oven at 60° over phosphorus pentoxide. 

Preparation or Source of Compounds Used ~Arsenocholine phos- 
phorylcholine were kindly furnished by Dr. A. D. Welch, serine betaine by 
Dr. H. E. Carter and Dr. D. B. Melville, stachydrine by Dr. H. B. Vickery, 
6-methylcholine ethyl ether by Merck and Company, Inc., and ergothio- 
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neine by Miss Eleanor Newton. We wish to express our thanks for these 
compounds. | 

Triethylcholine was prepared by the condensation of ethylene chloro- 
hydrin with triethylamine according to the method of Channon and Smith 
(7), homocholine bromide by the condensation of propylene bromohydrin 
with trimethylamine, dimethylethylhydroxyethylammonium chloride by 
the condensation of ethyl iodide with dimethylaminoethanol followed by 
the exchange ,of iodide with chloride by means of silver chloride, and di- 
ethylmethylhydroxyethylammonium chloride by the condensation of 
methy! iodide with diethylaminoethanol followed by the exchange of iodide 
with chloride. Methylcysteine (8) and homomethionine (9) were synthe- 
sized by methods previously described. Cystine betaine was prepared ac- 
cording to Schubert (10), alanine betaine according to Novak (11), and 
dimethylglycine according to Michaelis and Schubert (12). The methyl 
ester of the latter was prepared by passing dry HC! into a solutionof the 
dimethylglycine in absolute methanol. 

a,a-Dimethylcholine chloride was prepared by the condensation of 
2-amino-2-methyl-1-propanol with methyl iodide followed by the exchange 
of iodide with chloride. ‘To 25 gm. of KOH in 100 ec. of water 20 cc. of the 
amine were added. ‘This material was placed in a round bottom 500 ec. 
flask and 35 ec. of methyl iodide were added. A rubber stopper was tightly 
wired on the flask. The reaction mixture was allowed to stand at room 
temperature for 2 hours, during which time a precipitate formed. The 
flask was then placed in a boiling water bath for 2 hours. After separation 
of the inorganic salt by filtration, the filtrate was concentrated in vacuo at 
55°. ‘The residue was dissolved in the minimum amount of boiling 95 per 
cent ethanol. A portion of the residue insoluble in ethanol was found to be 
inorganic iodide and was discarded. Crystallization from the alcoholic 
solution occurred when the solution was cooled. The compound was re- 
erystallized three times to remove inorganic iodide. The final yield of the 
iodide was 37 gm. ‘The iodide content was 48.85 per cent, which agreed 
well with the theoretical value of 49.03 per cent. 

The iodide was dissolved in water and shaken on a mechanical shaker 
with 37 gm. of freshly prepared silver chloride for 4 hours. After removal 
of the silver halides by filtration, the filtrate was concentrated in vacuo at 
55° and the residue was dissolved in 95 per cent ethanol, from which it was 
precipitated as a crystalline mass by the addition of ether. This process of 
precipitation was repeated twice. The final yield of the chloride was 17 gm. 


CsH;sCINO. Caleulated, N 8.35, Cl 21.2; found, N 8.42, Cl 21.0 


Diethylmethyl-8,y-dihydroxypropylammonium chloride was prepared by 
the condensation of methyl iodide with 1-diethylamino-2,3-dihydroxypro- 
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pane, and by the exchange of the iodide with chloride. 5 cc. of the amine 
and 2.5 cc. of methyl iodide were permitted to react in a stoppered 200 cc. 
round bottom flask in an ice bath for 2 hours, then at room temperature for 
4 hours more. A greenish yellow precipitate formed which became white 
when washed with ether. The material was dissolved in 95 per cent ethanol 
and was reprecipitated by the addition of ether. This process was repeated 
twice. 7 gm. of crystals were obtained. The iodide was then shaken for 
2 hours with 4 gm. of freshly prepared silver chloride. After removal of the 
silver salts by filtration, the filtrate was concentrated in vacuo at 55° to a 
thick sirup, taken up in absolute ethanol, and precipitated by the addition 
of ether. It was twice reprecipitated from 95 per cent ethanol by the addi- 
tion of ether. 


CsHaCINO:. Calculated, N 7.09, Cl 17.9; found, N 7.12, Cl 17.7 


DISCUSSION 


The specificity of the methylation reaction in vivo is well illustrated by 
the series of compounds employed in this study. Of all the compounds 


-tested, in addition to choline and betaine, only dimethylethylhydroxy- 


ethylammonium chloride, phosphorylcholine, and lecithin promoted growth 
on the diets used. The activity of the phosphoric acid ester of choline and 
of lecithin can obviously be explained on the basis of their hydrolysis to 
choline in the body, although they may, of course, act directly as methyl 
donators. The only compound remaining which has been found to possess 
activity is dimethylethylhydroxyethylammonium chloride, which differs 
from choline in that one methyl! group of the latter has been substituted by 
an ethyl group. If two of the N-methyl groups of choline are substituted 
by ethyl groups, the compound becomes toxic. Diethylmethyldihydroxy- 
propylammonium chloride is less toxie than the latter compound, but did 
not make growth possible on our experimental diet. 

It will be noted that the betaines of alanine, cystine, thiolhistidine (ergo- 
thioneine), proline (stachydrine), nicotinic acid (trigonelline), and serine 
did not promote growth with homocystine in the amounts used for testing. 
Further work must be done with the betaine of thiolhistidine to test this 
compound adequately. 

As shown in Table III the other known effects of choline in nutrition are 
not characterized by such a high degree of specificity. The comparison of 
the effects of the N-alkyl-substituted choline derivatives is extremely in- 
teresting. Choline itself has been shown to prevent perosis in chicks, to 
act as a growth essential for chicks, to enable growth of rats on a homo- 
cystine diet, to prevent the hemorrhagic kidneys which occur in rats on 
certain diets, and to prevent fatty infiltration of the liver in rats. It is of 
interest to note that dimethylethylhydroxyethylammonium chloride en- 
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Tasie III 
Biological Activity of Various N- and S-Alkyl and Related Compounds 
Where no reference (indicated by the figure in parentheses) is cited, evidence 


is presented in this communication. 


Compound 


Arsenobetaine.............. 


Calcium 
Choline. . 
methyl other. 

Creatine . 
Cystine betaine........... 
Diethylmeth y lhydroxyethy 

monium chloride. 


pylammonium chloride..... 
Dimethylethylhydroxyethylam- 
monium chloride... 
methyigiycine. . 
methyl 3 
Dimethylthetin (sulfobetaine).. . 
S-Ethyleysteine 
Glutamic betaine 
Homocholine. |. 
Homomethionine 
Methanol... 
Methionine 


| | | 
a-Methylbetaine (alanine be 
8-Methylcholine 


ethyl ether... 


S-Methyleysteine.......... 


a-Methyl-8-phenylcholine... 
Neurine bromide... 
Phosphobetaine 


Phosphocholine................. | 


perosis 


— (13) 


+ (16) 
— (16) 


+ (17) 


+ (27) 


Prevention. 
f 


| 


Fowl | 
growth 


Growth | 


with 
homo- 


cystine 


— (25) 


+ (17) 


Toxie 


— (1) 
(6) 
+ (1) 


(1) 
+ (1) 
— (23) 


Toxic 
— (6) 


po 


tion 
| of kidney 
hemorrhage 


+ (20) 


+ (18) 


+ (18) 


(29) 


| +* 


_ Liver 
lipotropic 


+ (24)f 


+ (18) 
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+ (15)4 
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TaBLeE I1I—Concluded 


Prevention Fow! | Prevention 
Phosphorylaminoethanol......._ | | 
Tetra-8-hydroxyethylammonium 
Tetramethylammonium chloride.. Toxic Toxie (33) 
Threonine betaine........... : — (32) 
Allothreonine betaine... — (32) 
Triethylcholine.......... ..| — (25)} — (25) | — (1) | + (18) + (7) 
Triethylbetaine. ee 
Trimethylamine........ — (1) — (38) 
Trimethylethylammonium chlo- | | 
Trimethy]-8-hydroxypropylam- 
monium chloride........ — (34) 
Trimethylphenylammonium chlo- 
Tripropy!-8-hydroxyethylam- 
monium chloride. ........ Very (3) 


slight* 


* Welch, A. D., private communication. 

+t In these experiments the mouse was used as the experimental animal. In all 
other instances the rat was employed. 

t Does not promote growth in turkeys, but has a slight growth-promoting action 
on chicks, amounting to less than 10 per cent of the activity of choline (Jukes, T. H,, 
private communication). 

§ Jukes, T. H., private communication. 

| Unpublished data from this laboratory. 


ables growth of rats on a homocystine diet. It also behaves similarly to 
choline in the prevention of perosis, promotion of chick growth, prevention 
of kidney hemorrhage, and prevention of fatty infiltration of the liver, but 
not so effectively as choline. The ability of diethylmethylhydroxyethyl- 
ammonium chloride to replace choline in our diets could not adequately be 
ascertained because of its toxicity in the comparatively large amounts 
necessary. It has been found ineffective as a growth essential for chicks. 
It is partially effective in prevention of hemorrhagic kidney and fatty livers 
in rats, and apparently as effective as choline in preventing perosis in 
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chicks. Triethylcholine has activity only in preventing fatty liver and 
hemorrhagic kidneys in rats; it does not prevent perosis, or promote growth 
in chicks, nor does it support growth of the rat on a homocystine diet. : 
Arsenocholine does not enable growth with homocystine, but replaces : 
~- | choline in its other listed functions more or less effectively. 

Of particular interest is the fact that although betaine can prevent fatty 
infiltration of the liver and the formation of hemorrhagic kidneys in the | 
rat and can bring about the methylation of homocysteine in this animal, it is 
incapable of preventing perosis or of acting to any large extent as a growth i 
essential in the chick. Apparently the chick cannot synthesize choline 
.» directly or indirectly from betaine. In fact it would appear that the chick 
requires choline in the diet and cannot synthesize choline even when 
methionine is furnished, in contrast to the rat. On the other hand like the | 
rat the chick can apparently transfer methyl groups from choline to bring | 
about the synthesis of methionine from homocysteine, for homocystine plus 
choline can support the growth of chicks in lieu of methionine in the diet 
(35). Thus in contrast to the rat the transfer of methyl groups in the 
chick is not reversible in so far as choline and methionine are concerned. 


3) 


3) 
SUMMARY 
A number of derivatives of choline, various betaines, and other com- 
pounds have been tested for their ability to support growth of young rats 
given a diet containing homocystine but lacking in methionine. The high 
degree of specificity with regard to structure in relation to the ability to act 
as a methyl! donator in this connection is shown by the fact that of the many 
compounds tested only choline (and simple derivatives thereof such as 
leeithin and phosphorylcholine), betaine, and dimethylethylhydroxy- 
ethylammonium chloride were found to support growth under these con- 
ion ditions. 
H., The synthesis of a,a-dimethylcholine and of diethylmethyl-6,y-dihy- 
droxypropylammonium chloride has been described. 
The results of the present investigation are discussed with reference to 
the behavior of choline and related compounds in their ability to prevent 


to development of fatty livers and hemorrhagic kidneys in the rat and to pre- 

‘on vent perosis and act as a growth essential in the chick. | 
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THE OXIDATION OF BENZOIC ACID AND RELATED 
SUBSTANCES BY CERTAIN MYCOBACTERIA 


By FREDERICK BERNHEIM 


(From the Department of Physiology and Pharmacology, Duke University School of 
Medicine, Durham, North Carolina) 


(Received for publication, December 29, 1941) 


The tubercle bacillus can oxidize benzoic and o-hydroxybenzoie acids.! 
It was of interest, therefore, to study the behavior of another species of 
Mycobacterium. Yor this purpose a non-pathogenic unnamed species from 


Dr. Van Niel’s collection was obtained and its ability to oxidize these com- 


pounds was compared with that of the B, and H-37 strains of tubercle 
bacillus. A comparison was also made of the action of certain aromatic 
iodine compounds on the oxidative metabolism of these bacteria. 


EXPERIMENTAL 


The tubercle bacillus was grown and prepared by the method already 
described.! The non-pathogenic species was grown in flasks containing 
0.2 per cent dextrose, 0.2 per cent (NH4)2HPO,, 0.2 per cent KH.PO,, 
0.4 per cent NaCl, 0.02 per cent MgSO,, and 10 per cent tap water. 
For every 200 cc. of media 1.0 cc. of beef infusion broth was added. The 
pH was adjusted to 7.0. After 48 hours growth at 27° the bacteria were 
centrifuged, taken up in distilled water, and centrifuged again in modified 
Hopkins tubes for 15 minutes at 2000 r.p.m. The supernatant fluid was 
discarded and enough 0.05 mM phosphate buffer, pH 6.7 or 7.8, was added 
so that 0.2 ce. of packed bacteria was finally suspended in 10 cc. By rotat- 
ing a glass rod in the narrow part of the Hopkins tube an even suspension 
was readily obtained. 1.0 ec. of this suspension was used in each Warburg 
vessel which contained a final volume of 2.0 cc. The oxygen uptakes were 
measured at 37°. For purposes of comparison with the tubercle bacillus 
most of the experiments were carried out at pH 6.7. Despite the washing 
both the tubercle bacillus and the non-pathogenic species had some “rest- 
respiration. 

Table I shows that the two strains of the tubercle bacillus and the non- 
pathogenic species oxidize benzoate but that o-hydroxybenzoate 1s oxidized 
only by the tubercle bacillus and m- and p-hydroxybenzoates only by the 
non-pathogenic species. The amino benzoates are not oxidized by any of 
these bacteria. The amino acids are not attacked with the exception of 
tyrosine which is oxidized by the non-pathogenic species only. Phenol is 


' Bernheim, F., J. Bact., 41, 387 (1941). 
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readily oxidized by the non-pathogenic species but not by the tubercle 
bacillus. The oxidation of these ring compounds does not produce colored 
substances and this indicates that quinones are not formed as intermediates, 


TABLE I 
Oxidation of Compounds by Tubercle Bacilli and Non-Pathogenic Species 
+ indicates that the compound is oxidized; — that it is not; pH 6.7, 37°. 


-| pS | | | 4 | 
Bacteria | |g 45 | = S | 
| 8 | & | | Ba | ro) ae 
Bi 
Non-pathogenic +i iti iti nr; titi tin“! + 
320 
280 
WwW 
x 
a 
-240 
O.3 mg. 
No BENZOATE 
200 P - OW Benzoote 
Y O.3mg. 
-i60 
0.3 mg. 
TYROSINE 
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-4 
HOURS HOURS 
x 2 3 2 3 “ 
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Fic. 1. The oxidation of 0.3 mg. each of sodium benzoate, tyrosine, p-hydroxy- 
benzoic acid, and 0.26 mg. of phenol by a washed suspension of the non-pathogenic 
species at pH 6.7 and 37°. The control oxygen uptake has been subtracted. The 
horizontal lines represent the theoretical oxygen uptake of 8 atoms of O, for benzoate 
and tyrosine, 7 atoms of O, for p-hydroxybenzoic acid, and 10 atoms of O, for phenol. 


Furfural can only be oxidized by the B; strain but other aldehydes, both 
aromatic and aliphatic, are rapidly oxidized by all three. None is able to 
oxidize succinate or citrate and only the non-pathogenic species oxidizes 
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glucose, lactate, and pyruvate. As might be expected, the parasitic 
tubercle bacillus is more limited in its oxidations than the saprophytic 
species. 

Fig. 1 shows the oxidation of benzoate, p-hydroxybenzoate, tyrosine, and 
phenol by the non-pathogenic species at pH 6.7. ‘There is a latent period, 
which is longer at pH 6.7 than at pH 7.8, before the oxidation begins. 
This varies from 15 minutes for m- or p-hydroxybenzoate to 60 minutes for 
phenol. ‘The time for penetration into the cell probably accounts for it. 
The oxidation then proceeds very rapidly until the following stages in 
oxygen uptake and carbon dioxide production per mole are reached; ben- 
zoate,8 atoms of Oo, 4 molecules of CO.; m- or p-hydroxybenzoate, 7 atoms 


T T T 
700 2 3 
HOURS 
- 600 
- 500 
uJ 
A 
-400 


Fic. 2. The oxygen uptakes of the same amount of the B; and H-37 strains of 
tubercle bacillus alone and with benzoate and o-hydroxybenzoate. pH 6.7, 37°. 


of Os, 4 molecules of CO.,; tyrosine, 8 atoms of Oo, 3 molecules of CO», and 
1 molecule of NH3;; phenol, 10 atoms of Ov», 4 molecules of COs». 

When these values are attained, the oxidation rate slows abruptly but 
may continue to drift for some time. If a greater concentration of bacteria 
is used, the drift is more rapid, indicating that some substance or substances 
are formed which are slowly oxidized further by the bacteria. In large 
scale experiments, no appreciable amount of fatty or keto acids, aldehyde, 
or alcohol is formed, as shown by spot tests and steam distillation. This 
is to be expected, as these substances are readily oxidized by the bacteria. 
Diecarboxylie acids which are not oxidized were also shown to be absent. 
On evaporation to dryness only traces of organic matter are found. The 
conclusion is that either all four substances are eventually oxidized to CO, 
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and H.O or that the intermediates formed at the end of the rapid oxidation 
are incorporated into the cell. The fact that the m- and p-hydroxybenzoate 
take up 1 less atom’ of O, than benzoate indicates that one or the other 
hydroxy derivative is the first oxidation product of benzoate. Substitu- 
tion in the ortho position completely blocks further oxidation of the mole- 
cule. This is shown by the failure of o-hydroxybenzoate, 2 ,4-dihydroxy- 
benzoate, and gallic acid to be oxidized. The fact that tyrosine but not 
phenylalanine is oxidized shows the importance of the hydroxy group in 
this type of compound and this is again emphasized by the oxidation of 
phenol whereas benzene and aniline are not attacked. 

The oxidation of benzoate and o-hydroxybenzoate by the two strains of 
tubercle bacillus is shown in Fig. 2. No definite end-points are obtained 
in either case. It is therefore not possible to say that benzoate is oxidized 
through o-hydroxybenzoate, although analogy with the non-pathogenic 
species makes it probable. The rates of respiration of the two strains are 
different, and Fig. 2 shows the control or “‘resting’’ oxygen uptakes of the 
H-37 and B, strains. The same number of bacteria were used and the up- 
take of the B; strain is less than that of the H-37. This may be correlated 
with the fact that the B,; strain grows more slowly than the H-37. In 
general the control oxygen uptakes and the rapidity of the oxidation of 
benzoate and o-hydroxybenzoate vary somewhat with the age of the cul- 
ture. The best effects are obtained with cultures of H-37 between 10 and 
14 days old and with cultures of B,; between 16 and 21 days old. Such 
cultures were used in the comparison shown in Fig. 2. Old cultures or 
cultures that have turned smooth and non-virulent have very small con- 
trol oxygen uptakes and lose their ability to oxidize the benzoates. The 
oxidation of these substances by the tubercle bacillus differs from their 
oxidation by the non-pathogenic species. With the former the rates are 
slower at pH 7.8 than at pH 6.7 and there is no appreciable latent period. 

The question arises whether it is possible selectively to inhibit the oxida- 
tions produced by these bacteria. For this purpose two iodine-substituted 
aromatic compounds were used, namely, 2,3 ,5-triiodobenzoate and 2,4, 
6-triiodophenoxy sodium acetate. Both compounds acted in the same 
way. Fig. 3 shows the effect of the second on the oxidation of various com- 
pounds by the B, strain. The control oxygen uptake is inhibited 20 to 30 
per cent by the drug. The curves in Fig. 3 represent the oxygen uptakes 
with the substrate in the presence and absence of the drug from which the 
respective controls have been subtracted. The oxidation of furfural is not 
significantly inhibited for 90 minutes. After this the inhibition becomes 
progressively greater, presumably because at this point most of the furfural 
has been changed to smaller molecules which are then being oxidized by 
enzyme systems sensitive to the drug. The oxidation of acetate and ben- 


= 
3 
4 
4 
ae 
4 
by 
i 
te 
ke 
= 
| 
4 
sa 
é 
| 
j 
/ 
| 
; | 
a 


F. BERNHEIM 387 
ion zoate is immediately and almost completely inhibited. On the other hand, 
ate the oxidation of o-hydroxybenzoate is not affected. Higher concentrations 
her of the drug will, however, inhibit this oxidation also. The oxidation of 
tu- benzaldehyde to benzoate is not inhibited but as soon as benzoate is formed 
jle- | inhibition occurs. If it is assumed that the oxidation of benzaldehyde ! 
Xy- proceeds through benzoate, o-hydroxybenzoate, lower fatty acids, and | 
not finally CO, and H.O, then the drug in low concentrations selectively in- | 
in >» hibits the second and fourth stage. Similar results are obtained with the 
of 
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ned 1.0 MG 2.0MG. ff 1.0MG. (O-HYDROKY- / 0.5MG. 
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nic | 
ri60 
are | 
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20 
In ° a 
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F100 
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and 
uch 
or 
on- he 
The 
are 
od. 
123 pete 23 Pi 23 2 3 
ted 
4 Fic. 3. The effect of 2,4,6-triiodophenoxy sodium acetate, 2 X 10-4 M, on the oxi- 
ix dation of various compounds by the B, strain of tubercle bacillus. The respective 
ume ; control oxygen uptakes have been subtracted. pH 6.7, 37°. 
»m- 
» 30 H-37 strain, with the exception, which should be emphasized, that furfural 
kes |} 1s not oxidized by this strain. 
the The effect of this drug on the oxidations of various substrates by the 
not non-pathogenic species at pH 7.8 is shown in Fig. 4. The oxidation of 
mes | tyrosine is most sensitive and is completely inhibited at the lowest concen- 
ral tration used. The oxidations of benzoate, m- or p-hydroxybenzoate, and 
by phenol are inhibited in the sense that the latent periods are prolonged. 
en- With higher concentrations the inhibition is complete for the duration of 
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the experiment. On the other hand, even the higher concentrations have 
no effect on the oxidation of acetate. This compound is very rapidly oxi- 
dized by the bacteria with the uptake of 2 atoms of oxygen and the produc- 
tion of 1 molecule of carbon dioxide per mole. The bacteria readily oxidize 
all the fatty acids including oleic and palmitic. 
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Fia. 4. The effect of 2,4,6-triiodophenoxy sodium acetate, 1 X 10°‘ mM, on the 
oxidation of various compounds by the non-pathogenic species. The respective 
control oxygen uptakes have been subtracted. pH 7.8, 37°. 


DISCUSSION 


The experiments show that the position of the hydroxy groups is impor- 
tant for the oxidation of these benzoic acid derivatives by the two species 
of Mycobacteria.2_ This is particularly emphasized by the inability of both 
species to oxidize 2,4-dihydroxybenzoate. Substitution in the 2 position 
should make it oxidizable by the tubercle bacillus, and substitution in the 
4 position by the non-pathogenic species. That no oxidation occurs indi- 
cates that such substitution completely blocks the reaction. Further spe- 


2 In the previous paper (see foot-note 1) a small oxidation of p-hydroxybenzoate 
by the tubercle bacillus was reported. That this was probably due to an impurity 
in the preparation is indicated by the fact that recrystallization of the acid com- 
pletely eliminates this small effect. 
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cificity has been previously shown! for the tubercle bacillus. Thus, if the 
hydroxy group of o-hydroxybenzoate is acetylated or the carboxyl group 
esterified, no oxidation occurs. For the non-pathogenic species methyla- 
tion of the hydroxy group of tyrosine greatly prolongs the latent period but 
oxidation finally takes place. This was shown by comparing the oxidation 
of benzaldehyde and anisaldehyde. It is possible that the bacteria must 
demethylate the compound before oxidation can occur. It can be gener- 
ally stated that amino groups inhibit the oxidation. Thus amino-substi- 
tuted benzoic acids are not oxidized by either species, acetate is oxidized 
but not glycine, and the non-pathogenic species oxidizes lactate but not 
alanine, phenol but not aniline. The only deamination observed was that 
of tyrosine by the non-pathogenic species but, since phenylalanine is not 
oxidized, the liberation of ammonia must occur sometime after the breaking 
of the ring. 

The effect of these compounds on the growth of the bacteria is being 
tested. 


SUMMARY 


1. A comparison has been made between the ability of two strains of 
tubercle bacillus and a non-pathogenic Mycobacterium to oxidize various 
compounds. 

2. Both species oxidize benzoate. The tubercle bacillus oxidizes 
o-hydroxybenzoate but not m- or p-hydroxybenzoate. The non-pathogenic 
species oxidizes m- and p-hydroxybenzoate but not o-hydroxybenzoate. 
2 ,4-Dihydroxybenzoate or the amino benzoates are not oxidized by either. 

3. The non-pathogenic species oxidizes tyrosine but not phenylalanine, 
phenol but not aniline. The tubercle bacillus does not oxidize any of these 
compounds. 

4. Both species oxidize all aromatic and aliphatic aldehydes tried with 
the exception of furfural. This compound is oxidized only by the B, strain 
of the tubercle bacillus. Both species oxidize fatty acids and alcohols. 

5. Amino acids other than tyrosine, succinate, and citrate are not oxi- 
dized by either species. The non-pathogenic species but not the tubercle 
bacillus oxidizes glucose, lactate, and pyruvate. 

6. The effect of two iodine-substituted aromatic compounds has been 
studied on the oxidations of these compounds by the two species. 


My thanks are due to Mr. A. K. Saz for growing the bacteria, to Dr. P. 
Handler for testing for the end-products, and to Dr. Alfred Burger of the 
University of Virginia for the iodophenoxy compound. Part of the ex- 
penses of this work were defrayed by a grant from the Duke University 


Research Council. 
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NOTE ON THE SARCOSINE OXIDASE 


By FREDERICK BERNHEIM ano MARY L. C. BERNHEIM 


(From the Departments of Physiology and Pharmacology and of Biochemistry, Duke 
University School of Medicine, Durham, North Carolina) 


(Received for publication, January 26, 1942) 


In a previous paper (1) an enzyme was described which catalyzes the 
oxidative demethylation of sarcosine to glycine and formaldehyde. The 
distribution, pH optimum, and specificity of the enzyme were studied. 
The following work was undertaken to define further the properties of the 
enzyme by means of its reaction with certain drugs. 


EXPERIMENTAL 


The enzyme preparation was obtained from rat liver by the method 
already described (1). 1.0 ce. of this preparation was used in each War- 
burg vessel which contained a final volume of 2.0 cc. 2.0 mg. of sarcosine, 
an amount sufficient to saturate the enzyme, was added and all the experi- 
ments were carried out at pH 7.8. The effect of several concentrations of 
NaCN on the oxidation of sarcosine was compared to the effect on the oxi- 
dation of succinate by the same liver preparation, since succinate is known 
to be oxidized through the cytochrome-cytochrome oxidase system. The 
results are shown in Fig. 1. As no carbon dioxide is liberated in either re- 
action and as the residual respiration of the enzyme preparation is very 
small, NaOH was not used in the inset in this experiment. The succinate 
curves show the gradual release from the cyanide inhibition with time due 
to the progressive destruction of the cyanide. With NaOH in the inset simi- 
lar curves are obtained but more rapidly because cyanide is lost by distilla- 
tion. In contrast to the succinate, the sarcosine curves show no recovery 
as the cyanide concentration decreases. The respective percentage inhi- 
bitions by the three concentrations of cyanide, 0.5, 1.0, and 2.0 K 107% m 
on the oxidation of succinate and sarcosine are as follows: after 10 minutes, 
succinate, 85, 95, 97 per cent; sarcosine, 44, 66, 72 per cent; after 20 min- 
utes, succinate, 72, 88, 93 per cent; sarcosine, 31, 50, 72 per cent. These 
differences in percentage inhibition can be explained by the fact that the 
oxidation of sarcosine is much slower than that of succinate, so that the 
fraction of cytochrome oxidase uninhibited by cyanide is less limiting for 
the former than for the latter. This is substantiated by similar experiments 
on the choline oxidase which also utilizes the cytochrome oxidase system 
and is oxidized at a rate intermediate between those of sarcosine and succi- 
nate. Under the same conditions the percentage inhibition at 10 minutes 
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in the presence of 0.5 & 107-3 M cyanide is 65. Thus, the cyanide effect on 
the oxidation of sarcosine can be fully explained by the inhibition of the 
eytochrome oxidase, and the fact that hydrogen peroxide is not produced 
during the oxidation, proved by the absence of methemoglobin formation 
from added hemoglobin (2), and the fact that cyanide has no effect on the 
methylene blue reduction by sarcosine, confirm this. The lack of recoy- 
ery of the sarcosine oxidase from the cyanide inhibition is due to the insta- 
bility of the enzyme. When a larger amount of cytochrome oxidase 


SARCOSINE SUCCINATE 
180 
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MINUTES 


Fic.1. The effect of various concentrations of NaCN on the oxidation of sarcosine 
and succinate by the same liver preparation. pH 7.8, 37°. 


becomes available as the cyanide concentration decreases with time, pro- 
gressive destruction of the enzyme has taken place as is shown in the 
following experiments. 

Table I shows the effect of incubation with and without trypsin on the 
sarcosine oxidase compared to the effect on succinoxidase and cytochrome 
oxidase present in the same preparation. It is obvious that the sarcosine 
oxidase loses its activity much more rapidly than either of the other two 
enzymes, This inactivation of the sarcosine oxidase is therefore not due 
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to destruction of cytochrome oxidase or the destruction of the catalyst 
intermediate between the succinodehydrogenase and the cytochrome oxi- 
dase which may be a flavoprotein (3) or cytochrome b (4). It follows that 
the protease present in the preparation and the added trypsin must hydro- 
lyze the sarcosine dehydrogenase or an intermediate between it and the 
cytochrome system. ‘To determine which is the case, the methylene blue 
reduction by the sarcosine oxidase was tested after the oxygen uptake had 
completely disappeared. At this time methylene blue was still rapidly 
reduced by the oxidase in the presence of sarcosine. From these experi- 
ments it is possible to state that the sarcosine oxidase, like the succinoxi- 
dase, consists of at least three parts, a dehydrogenase, the cytochrome 
system, and an intermediate. The evidence indicates that the intermedi- 
ate of the sarcosine oxidase differs from that of the succinoxidase. 


TABLE I 


Effect of Incubation with and without 2.0 Mg. per Cc. of Pancreatin (Merck) on Activity 
of Sarcosine Oxidase, Succinozidase, and Cytochrome Oxidase 
p-Phenylenediamine was used as the substrate of the last. The preparation was 
incubated without shaking at 37°. At the given intervals aliquots were placed in the 
Warburg vessels and the rate of oxygen uptake measured every 10 minutes for 40 
minutes. The figures below are expressed in terms of per cent of the initial rates 
which in each case are given the value of 100. 


| 
| Oxygen uptake 


Substrate | Incubated alone Incubated with trypsin 


45 min. 100 min. | 140 min. | 45 min. | 80 min. | 105 min. 
100 80 | 69 100 | 19 | 6 


The dehydrogenase part of the succinoxidase contains sulfhydryl groups 
that are essential to its activity (5). This can be demonstrated by incu- 
bating the enzyme preparation with small amounts of copper sulfate and 
testing the activity of the enzyme at intervals. If 5 & 10-4 M copper sul- 
fate is added to the liver preparation and the activity tested immediately, 
there is no inhibition of the succinoxidase but a 45 per cent inhibition of 
the sarcosine oxidase. After 50 minutes shaking with the copper at 37° 
the suecinoxidase is inhibited 79 per cent and the sarcosine oxidase, despite 
aloss of activity in the control due to the incubation, is still only 46 per 
cent inhibited by the copper. This experiment indicates that sulfhydryl 
groups are not essential for the activity of the sarcosine oxidase and that 
the metal acts by combining immediately with some active group. That 
the enzyme contains no oxidizable groups is indicated by the fact that the 
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“spontaneous” inactivation occurs at the same rate aerobically and_ 
anaerobically. 

A 
- DISCUSSION | 

The sarcosine oxidase with the succinoxidase, choline oxidase, /-proline 
oxidase, and others is associated with the insoluble protein fraction of liver. 
Attempts to get this fraction into solution as a first step to separating and 
purifying the enzymes have thus far failed. Because the succinoxidase } 
is present in other tissues from which it can be obtained in a purified form, 
its properties can be used for comparison. Thus by a study of the effects 
of various agents on the succinoxidase in the liver fraction it is possible to 
obtain information about the other enzymes present in it. 


SUMMARY 


1. The oxidation of sarcosine by the sarcosine oxidase goes through the 
cytochrome-cytochrome oxidase system. 

2. The evidence indicates that an intermediate catalyst exists between 
the dehydrogenase and the cytochrome and that this is different from the 
one in the succinoxidase system. | 

3. The activity of the sarcosine oxidase is not dependent on sulfhydryl / d 


groups. 
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AN ALIGNMENT CHART FOR THE COMPUTATION OF ULTRA- 
CENTRIFUGATION RESULTS 


By HOWARD SCHACHMAN* 


(From the Department of Animal and Plant Pathology of The Rockefeller Institute for 
Medical Research, Princeton) 


(Received for publication, December 16, 1941) 


The discovery made by Svedberg (1) that the ultracentrifuge could be 
adapted to the study of proteins has resulted in wide-spread use of this in- 
strument. A convenient way of describing sedimentation data is in terms 
of the sedimentation constant, S, originated by Svedberg. This quantity is 
simply the sedimentation velocity the material would have in a unit centrif- 


ugal field. 
(1) 


Since the sedimentation rate of a given material is a function of the 
density of the solution and the solute and of the viscosity of the solvent, as 
well as of the magnitude of the centrifugal field, it is necessary to express 
sedimentation constants in terms of a reference solvent, such as wa- 
ter at 20°. 


dz 1 


1 


2 
dt 1— Vem (2) 


Sto 

The meanings of the various terms in these two equations are defined by 
Svedberg (1). When Equation 2 is integrated, Sj is expressed as a func- 
tion of log, x, t, and the other variables listed above. It is obvious that 
considerable arithmetic is involved in the evaluation of sedimentation con- 
stants in this manner. 

It has been the experience of the author that laborious routine computa- 
tions of this sort can often be reduced to very simple operations by using 
some sort of an alignment chart (2). If one constructs three parallel 
equidistant lines perpendicular to and intersecting a base-line, then, by 


| simple geometry, any line connecting points on the outside lines will inter- 


sect the center line at a point whose distance above the base-line is one-half 
the sum of the distances of the other two points above the base-line. If 


| equal scales are laid out on the two outside lines, A and B, and a scale of 


half the magnitude is laid out on the inside line, C, then the numerical value 
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of C is equal to the sum of the numerical values of A and B (3). A device of 
this sort, commonly referred to as a nomograph or an alignment chart, is 
unusually well adapted to performing mathematical operations such as 
evaluating uw when u = x + y — z. Since the sum of x + y is the only 
quantity represented on the center scale and since its value is not recorded 
in a case such as this, the scale on the center line can be omitted.  Simi- 
larly, an alignment chart can be constructed to solve the equation Au = 
Bz'Cy"/ Dz", where A, B,C, D,l, m, and n are constants. In this example, 
the values of each variable would be plotted on a logarithmic scale, expanded 
by the value of its particular exponent, and displaced vertically by the value 
of the logarithm of its coefficient. 

Equation 1 may be integrated approximately as follows (1): S = 1/w*%- 
Ax /At, where Ar and At are small but finite increments of x and /, respectively, 
and Z is the average value of x in the interval between x« and x + Ar. It 
can be shown that, if the experimental conditions are so chosen that Az 
does not exceed #/10, the error attending this approximation is less than 
0.1 per cent. By inverting and by converting angular velocity to R.p.M.,, 
velocity to mm. per minute, and S to. units 10" times the fundamental 
unit,! this equation becomes 


S 1.5X 10% Az/At 


where n represents R.P.M. This equation can be written in the form, 


S D(dz/dat) 


where A, B, C, and D are arbitrarily assigned constants obeying the sole 
restriction, BC/AD = #*/(1.5 & 10"). 


flog A — log S|] = |log B + 2 log n| + [log C + log Z| — E D + log =i 


Since Equation | could be expressed in the above form, an alignment chart 
for its solution could be constructed, as is shown in the right half of Fig. 1. 
On Column I, [log D + log Ax/At] is plotted as a function of the variable, 
Ax/At, and [log B + 2 log n] as a function of n or R.p.M. On Column ITI, 
(log A — log S] is plotted as a function of S and [log C + log 7] as a function 
of . Convenient values, subject to the restriction stated above, were 
chosen for the constants A, B, C, and D. 


1 By unanimous vote at the conference on ‘‘The ultracentrifuge’’ held by the New 
York Academy of Sciences on November 14-15, 1941, it was agreed that it be pro- 
posed that this unit, 10" times the fundamental unit, be called the Svedberg. The 
alignment chart here described gives the results in Svedbergs. 
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With this portion of the alignment chart, sedimentation constants can 
be computed from ultracentrifuge data. If the sedimentation constants 
are to be useful for further interpretation, however, they must be corrected 
for the viscosity and the density of the solvent, as shown by Equation 2. 
This correction can be carried out in two steps, 

nt , 1— 


S, = S-— (3) and = S,: (4) 

Noo py 
where S, is the sedimentation constant corrected only for viscosity. One 
may assume that = [n/nolr. mo, where [n/nolr, is the ratio of the viscosity 
of the solvent to that of water at some convenient temperature, 7., and 
ny is the viscosity of water at the temperature of the solvent at the time of 
the experiment. Hence, Equation 3 may be written, 


S, = Sln/nolr; X (no = f(T))/(ney = 0.010087) 
log log Syl = log A log S| 
+ |jlog F — log no = f(T)! — G + log |y/noir;] 


where A, ky Ff, and G are arbitrarily assigned constants obeving the sole 
condition that AF/EG = 5) = 0.010087. In this form an alignment 
chart was constructed for the solution of Equation 3 as shown on Columns 
II] and V. Here the bracketed quantities in the above equation are 
plotted as functions of the respective variables S,, 8S, 7, and On no 
in the figure). The relationship between no and 7° that was used was that 
given by Svedberg and Pedersen (1). 

Equation 4 vet remains to be solved. It can be written in the form 
log H — log = [log — log S,] + [log J — log (1 — Voops))| — [log 
K — log (1 — Vip,)|, where FJ /HkK = 1. Columns V and VIT of Fig. 1 
are the alignment chart for the solution of this equation. “The bracketed 
quantities in the above equation are plotted as functions of the respective 
variables, Soo, S,, Veo, and V 

Since log Vip, = log V, + log p,; and {log L + log Vip,| = [log A + 
log V,| + [log NV + log p,|, where WN/L = 1, Vip, can be evaluated from 
VV, and p, by constructing three equidistant parallel lines, with equal 
logarithmic scales representing Vy and p;, respectively, on the extremities, 
and a logarithmic scale of half the dimensions representing |p, on the 
central column. Columns VITT, IX, and X represent the alignment chart 
for the valuation of Vip,. The lines between Columns IX and V connect 
values of Vip, on Column IX with the corresponding values of log A) — log 
(1 — Vip.) on Column V. 

To facilitate the use of this alignment chart, a photostatic copy was 
made and was mounted on a bakelite board? Narrow slits were cut 


2 Photostatie copies of Fig. 1, 12 * 18 inches in size, can be obtained from the 


author. 
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through the photostat and into the bakelite in the positions of the three 
vertical lines, Columns II, IV, and VI, of Fig. 1. A brass kev was cut to 
fit the channels and slide through them freely. A long thin strip of cellu- 
loid with a black hair-line through its center parallel to its two long sides 
was then fastened at its exact center to the brass key by means of a pivot. 
This device makes it possible to use the alignment chart without marking 
it in anv way. Fig. 2 is a photograph of the mounted alignment chart 
showing the hair-line assembly. 

The use of the alignment chart for the calculation of sedimentation 
constants may be illustrated with the following example. A sedimenta- 


hia. 2. Photograph showing the ahgnment chart mounted on a bakelite panel and 


equipped with convenient hair-line assembly. 


tion experiment was carried out with tomato bushy stunt virus dissolved 
In O.2 NaCl and O.OL phosphate buffer at 7. The temperature 
throughout the rum was 22.8° + 0.2°. The centrifuge was operated at a 
constant speed of 18,500 nop. The density of the solution was 1.01, the 
relative viscosity of the solvent, was 1.02, and the partial specific 
Volume of the virus at 20.0° and at 22.8° was about 0.739. The boundary 
was photographed at 10 minute intervals. Other pertinent data are 
presented in ‘Table 

From the data recorded in the first two columns of Table [, # and Av Af 
ean readily be evaluated. For each value of # and Av / At, S was evaluated 
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by means of the alignment chart. This was accomplished by centering 
the hair-line assembly on Column IT, by moving it into position so that 
18,500 on the r.p.mM. seale in Column I ean be lined up with the particular 
value of %, say 5.762 em., on Column III. Then the hair-line was rotated 
about its pivot until the line coincided with the proper value of Aw/At on 
Column J, in this case 0.175 mm. per minute. When this was done, the 
hair-line also crossed the sought value of S on Column [I], 135 in this 
example. This process was repeated for all of the pairs of ® and Ax/Af 
recorded in Table I, and the resulting values of S were averaged. In the 
last two columns of Table I, the values of S determined with the chart and 
those calculated arithmetically are compared. The agreement is seen to 


TABLE I 


Typical Sedimentation Data 


Ax 


x S, chart S, calculated 
min. om. cm mm. per min. 
0.675 
5.762 0.175 145 
10 S00 
9.943 140) 140 
20) 6.037 
144 105 142 141 
30) 6. 232 
32S 1058 130.9 
40 th 425 
6.522 194 131.5 132 
ov 6 619 
136.7 130.7 


Average 


be excellent. The average value of S was next corrected for viscosity. 
This was done by centering the hair-line assembly on Column IV. The 
average value of S, 136.7, on Column IIIT was aligned with 22.8 on the T 
scale on Column V, the hair-line was rotated and connected with 1.02 on 
the |n nolr. (n/n) on the figure) seale on Column IIT. The line was found 
to intersect Column V midway between 0.70 and 0.71 on the Vyp,; seale. 
This point was recorded. If the S, scale were continuous in this region, 
we could have read off the value of S, directly. However, since the 
numerical value of this function is of no use, it is satisfactory to let it be 
represented by the point midway between 0.70 and 0.71 on the V; seale. 
Next, it was necessary to evaluate Vip, This was done by centering the 
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hair-line assembly in either Column IV or VI, and then by aligning the 
value 1.01 on the p; scale on Column X with 0.739 on the V; scale on 
Column VIII. The value of Vp; was found at the point of intersection of 
the hair-line with the V; seale on Column IX. This value, in this case 
0.746, was also recorded. In order to carry out the final evaluation of 
Sto, the hair-line assembly was then centered on Column VI, and the value 
of S,, represented by the point midway between 0.70 and 0.71 on the 
Vp. scale of Column V, was aligned with the value of Vo9 on Column VII, 
0.739. ‘The hair-line was rotated and connected with the value of Vi, 
on Column V, 0.746, and the value of So was then read off at the intersec- 
tion of the hair-line with Column VII. The value in this case was 134. 
When S was corrected arithmetically, the value of S3o was found to be 134. 
In another sample computation in which values near the ends of the seales 
were used, the value computed by means of the alignment chart was found 
to agree within about 1 per cent with the true value computed arithme- 
tically. 

As was demonstrated in the examples just discussed, with the aid of the 
alignment chart it was possible to compute the corrected sedimentation 
constant of bushy stunt virus without referring to anything except the 
original data. All of the auxiliary information needed is incorporated 
into the device itself. It was even possible to perform some necessary 
operations which cannot be carried out with other devices such as the 
standard slide-rule—for example, the evaluation of the expression (1 — Vp) 
from V and p. When these and other factors are taken into consideration, 
it is obvious that the calculation of sedimentation constants from experi- 
mental data by means of the alignment chart is a much simpler and faster 
process, on the whole, less subject to mistakes, than any of the more direct 
arithmetic processes, no matter how well systematized. The actual time 
required to perform the operations described above is about 3 minutes. 
If the computation is well organized and various tables of data are before 
the operator, the same operations can be carried out in about 10 minutes 
with the slide-rule. If the exact integral of Equation | is used, it is nec- 
essary to convert distances into logarithms and the time of computation 
is thereby considerably increased. On the whole, therefore, the alignment 
chart is capable of saving considerable time, and this, as has been demon- 
strated, can be realized without any appreciable sacrifice of precision. 


The author wishes to express his appreciation to Dr. Max A. Lauffer 
for encouragement during the course of this work and for aid in the prep- 
aration of the manuscript. 
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SUMMARY 


An alignment chart for the evaluation of sedimentation constants from 
sedimentation data was constructed and its use in a sample computation 
was described. It was demonstrated that this device is accurate, con- 
venient, and capable of effecting a considerable economy in time. 
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ORGANIC PHOSPHATE AND “FRUCTOSE” IN RAT INTESTINAL 
MUCOSA, AS AFFECTED BY GLUCOSE AND 
BY PHLORHIZIN 


By LYLE VIBERT BECK 
(From the Department of Physiology, Hahnemann Medical College, Philadelphia) 


(Received for publication, January 5, 1942) 


In contrast to absorption of the hexoses, sorbose and mannose, and of the 
pentoses, xylose and arabinose, absorption of the physiologically important 
hexoses, galactose, glucose, and fructose, by the mucosa of the small in- 
testine is a comparatively rapid process, and does not proceed in accordance 
with the laws of diffusion (1, 33). Absorption of these sugars is therefore 
spoken of as active, in contrast to the passive absorption of the physio- 
logically unimportant sugars. 

Verzdr and his coworkers have postulated that the rapid absorption of 
glucose, etc., is due to phosphorylation of these hexoses, 7.c. to a coupling 
of the hexose molecules with phosphate, with a consequent setting up of a 
much steeper diffusion gradient for these sugars, and that the passively 
absorbed sugars are not appreciably phosphorylated. Part of the evidence 
which they have advanced in favor of this hypothesis is (1) that iodoacetic 
acid, which interferes with enzymatic phosphorylation processes (16), 
also markedly inhibits absorption of the three hexoses, but not that of 
xylose and arabinose (33); (2) that the acid-soluble organic phosphate 
content of rat intestinal mucosa is considerably increased during absorption 
of the three hexoses, but not during the slow passive absorption of xylose, 
arabinose, and mannose (7, 9); and (3) that iodoacetic acid prevents the 
increase in acid-soluble organic phosphate otherwise secured on absorption 
of the three hexoses (29). 

Klinghoffer (8) and Ohnell and Héber (21) have criticized conclusions 
drawn from the use of iodoacetic acid, on the grounds that this agent is 
very toxic, that it produces a bloody and irreversibly damaged intestinal 
mucosa, and that in their experiments it interfered with the absorption of 
other substances, i-e. NaCl and xylose, as well as with that of the hexoses. 

These objections cannot be raised to anything like the same extent 
against the use of phlorhizin in similar studies. Since the first experiments 
by von Mering (18) it has been known that the intense glycosuria and 
polyuria produced by this agent are reversible, even after prolonged adminis- 
tration. Walker and Hudson (31) have demonstrated by direct observa- 
tion that in the amphibian kidney phlorhizin acts to prevent reabsorption 


403 


By 
3 
: 
| 
| 

; 

¥ 
| 
| 
t 
| 
| 
| 
| 
| 
\ 
| 


404 ORGANIC P AND “‘FRUCTOSE’’ IN MUCOSA 


of glucose by the proximal tubule cells. The work of Nakasawa (20) and 
of others (17, 21, 32) has demonstrated that this agent is also capable of 
markedly and yet reversibly inhibiting the absorption of the physiologically 
important hexoses by the small intestine. 

As regards specificity, Lundsgaard (17) has reported that 0.02 
phlorhizin does not affect intestinal absorption of glycine or of glutamic 
acid (rabbit and cat) and Ohnell and Héber (21) have reported failure of 
this agent to inhibit absorption of the amino acid asparagine (rat). In 
both cases a simultaneously occurring absorption of glucose was markedly 
inhibited by the phlorhizin. Verzdr and Laszt (28) have reported inhibi- 
tion of fat absorption in rat intestine by phlorhizin, and considered this 
effect due to inhibition of fatty acid phosphorylation. Considerably higher 
concentrations of phlorhizin were required than were required to interfere 
markedly with glucose absorption. 

Since phlorhizin is relatively non-toxic, and its effects are reversible and 
specific, experiments have been performed similar to those of Verzar and 
his coworkers, but with iodoacetic acid replaced by phlorhizin. 


EXPERIMENTAL 


Phosphate Fractions in Trichloroacetic Acid and Derived Extracts of Rat 
Intestinal Mucosa 


Phosphate Determinations—Inorganic orthophosphate was determined 
by the method of Fiske and Subbarow (3). Total phosphate was deter- 
mined by wet ashing, to convert all the organic phosphate to inorganic 
orthophosphate, as described by Fiske and Subbarow, but with nitric acid 
replaced by superoxol as the oxidizing agent. The color determinations 
were made with a Coleman spectrophotometer set at 500 muy. 

Organic phosphate hydrolyzed within 7 minutes by nN HCI at 100° is 
called 0 to 7 minute organic P or pyrophosphate P (see (12)). Additional 
organic phosphate hydrolyzed by further heating to 180 minutes with N 
HCl at 100° is called 7 to 180 minute organic P. Organic phosphate not 
hydrolyzed within 180 minutes by the N HCl is called difficultly hydrolyz- 
able organic P (see (14)) and equals total phosphate minus inorganic 
phosphate present after the extract is heated with the n HC] at 100° for 
180 minutes. Some of the organic phosphate compounds which correspond 
to these various fractions are shown in Table I. 

In the experiments in which no separation by barium precipitation was 
carried out any HCl used in hydrolysis was neutralized with NaOH, and 
molybdate solution containing 0.3 N HoSO, was used to develop color, as 
described by Fiske and Subbarow. In the barium separation experiments 
the HCl! used for hydrolysis was also used for color development. Addi- 


1 Special spectrophotometer tests at 500 my with standard inorganic phosphate 
solutions gave the following results. (1) During the first few minutes the blue color 
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tional HCl was added to bring its concentration to a final value of 0.5 N 


in determinations on barium filtrate and barium precipitate solutions, and 
to a final value of 0.3 _N in determinations on trichloroacetic acid filtrates. 
Even with H.SO, replaced by HCl some precipitate was secured in the 
barium filtrate determinations, on addition of the aminonaphtholsulfonic 


TaBLe 


Scheme for Estimation of Changes in Some Organic Phosphate Compounds Present or 
Expected in Intestinal Mucosa 


Total phosphate (determined by converting all organic ian soluble in 
trichloroacetic acid into inorganic — te) 


— 


Total organic phosphate ( eotal POs minus direct PO,) 


Direct phosphate hydrolyzed HC! | Organic P not hydro- 
phosphate | lyzed to inorganic P 
by nN HCl even after 

Between | 0-7 min. | Between 7-180 min. | 180 min. 


| =| 
Compounds hav- Creatine 1- PO, 2 Robison, } 


ing relatively phos- (2) (only small Neuberg ester Neuberg ester 
soluble barium phate amounts, if | (10, 13) — (10, 13) 
salts (10) any, present) Triose PO, (19) Greater part 
Appreciable adenylic acid 
amounts ade- —_ (22) 
nylie acid (22) | 
Compounds hav- Inorganic | Adenosine di- | 
ing relatively phos- and triphos- | acid (15) (only 
insoluble bar- phate phate (11, 12, small amounts, 
ium salts (10, 22) 22) if any, present) 
About 25-30% About 70% hex- About 5% hex- 
hexose diphos- | ose satien | ose diphos- 
phate (10) phate (10) phate (10) 


Accumulation of | Newly 
pyrophosphate should be accumulated in these 
P not affected  twofractions. Inhibitory effects 
by phlorhizin of = exhibited here 


The figures in parentheses represent binthaetaile reference numbers. 


produced by mixing molybdate and inorganic phosphate appears more rapidly in 
the presence of 0.5 N sulfuric acid (final concentration) than in the presence of 0.5 N 
HCl]. (2) After 60 minutes the color development is practically complete, when 
either acid is‘used, and is somewhat stronger if HCl is used. (3) In both cases a 
straight line is obtained if log per cent transmission is plotted against concentration 
of inorganic phosphate (over the range of 0.002 to 0.06 mg. of P as inorganic ortho- 
phosphate in a final volume of 10.0 ce.). (4) If the concentration of HCI is halved, 
an intense blue color develops, and the amount of color bears no relation to the 
amount of inorganic phosphate employed; if the concentration of HCl is doubled, 
the color development becomes very slow. 
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acid reagent, but this was fairly readily centrifuged down, and did not 
appear to interfere with the determinations. Added inorganic phosphate 
was completely recovered. 

Preparation of Trichloroacetic Acid Filtrates—The rats were fasted for 24 
(occasionally 48) hours, then given the test solution, warmed to about 37°, 
by stomach tube. 1 ec. of test solution was given for each 30 gm. of body 
weight. Either 30 or 45 minutes later the animal was killed by a blow on 
the head, or guillotined, quickly opened, the small intestine removed, and 
washed out with ice-cold Ringer’s solution. The lower fourth of the 
intestine was discarded, since it frequently contained considerable amounts 
of semisolid material, and since Verzdir and Wirz (30) have reported that 
the upper half of the small intestine of the rat absorbs glucose more rapidly 
than the lower half. An ice-cold trichloroacetic acid filtrate of the 
mucosa? from the upper three-fourths of the intestine was prepared essen- 
tially as described by Laszt and Siillmann (9). 

Phosphate Values Obtained for Trichloroacetic Acid Filtrates—The results 
are shown in Table II. Each phosphate value is an average value, and 
where enough tests were performed to make this possible the average value 
is followed by its standard error. Differences two or more times their 
standard error are considered significant. The phosphate values are 
expressed in mg. of phosphorus per 100 gm. of dried intestinal mucosa 
(mg. per cent, dry weight). 

Ail the average values secured for four rats given 0.9 per cent NaCl plus 
0.02 m phlorhizin plus 0.01 nN NaOH are practically identical with those 
secured for eight control rats. 

There is a considerable decrease in inorganic phosphate at 30 minutes 
and a still greater decrease at 45 minutes after glucose is given by stomach 
tube. As a mirror image of the change in inorganic phosphate, total or- 
ganic phosphate is markedly increased at 30 minutes and still more 
increased at 45 minutes after the giving of the glucose solution. ‘The 
decrease in inorganic phosphate and the increase in organic phosphate are 
much less if 0.02 mM phlorhizin is mixed with the 5.5 per cent glucose solution. 

Of the total increase of about 60 mg. per cent of organic P occurring in 
the mucosa of glucose-fed rats, about two-fifths was found in the 0 to7 


2 The intestine was slit longitudinally, and the mucosa scraped off and ground 
up in an iced mortar. A small portion was placed in Bottle 1 (previously weighed), 
the remainder in Bottle 2, containing 7.5 cc. of 15 per cent trichloroacetic acid, and 
also previously weighed. Mucosa and acid were thoroughly mixed and the two bot- 
tles reweighed. Bottle 1 was placed in a drying oven at 105° for 1 to 2 days before 
its final weighing. The contents of Bottle 2 were washed into a 25 cc. volumetric 
flask and ice-cold distilled water added to the mark. After 10 minutes vigorous 
shaking the contents of the flask were rapidly filtered through ash-free paper and 


placed immediately on ice. 
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Tasie II 
Organic Phosphate Fractions in Intestinal Mucosa of Rats 
The values | in ‘parentheses are average weight values. 


— 


P values, mg. per cent + S.E. 


| ic P fraction 
_ Body No. of rats Organ 

Treatment weight, | 
| andsex Total Direct Total 


organi Diffi- 
N | hydro 


Control experiments. Rats given oe or 0. 9% NaCl by stomach tube 


140-231 3 F.,5M. 492.9 
(165) | ‘£7.8) 


268 .9 


224.0! 32.2 | 17.5! 174.3 
| +5.3 |+5.3) £9.5 


Phlorhizin controls. Rats given 0.9% NaCl + 0.02 m phlorhizin + 0.01 n NaOH 
by tube 


1160-232 1F.,3M. 480.3 
| (190) | 


213.0 26.5 leg: 170.6 


Rats given 5.5% glucose ae stomach tube 


Killed, intestines 131-174 1 F., 4M. | 
removed 30 min. | 88) | | 
later | | | | 

Intestines removed 158- 203 2 F., 6 M. | 493.9 199.4, 204.5 654.9 32.9 206.6 
45 min. later | (176) (£10. £10. 3) 49.2) 43.3 £7.7 


497.6 224.8 272.8 58.4 25.4 189.0 
44.7) +66 49.3 4.5 


(160) | 3 F., 10 M, 495.4] 200.2 286.2 56.2 | 29.9 199.8 
| | +7.3 +8.0/ 46.7 +41 $4.2, +6.3 


Rats given 5. 57 glucose + 0 02 | M esr * 0. O1 N NaOH by stomach tube 


Intestines 146-215 5 M. 234, 4 “208. 54.1 11.8 163.6 
30 min. later (178) | +11. 6 +10. 3} +2.5 |+1.9| +9.7 
Intestines removed 157-210 1 F..5 M. | 507. 0| 249.3) 257.7 | 52.6 | 17.7) 187.5 
min. later | (181) | “+16. 9412. 11. 4. £2. +9.9 

| 

(180) | 1 F., 10 M. 487. 1 242. 5 O44. 5 «53. 3 14. 7 176.6 


Statistically differences 


'—59.7| 62.2! 24.0 12.4] 25.5 
8 +10.3 | +6.7 |+6.8/4+11.4 
4Not sig- 21.1 signifi- 


Values for glucose-fed minus control 


glucose + phlorhizin-fed minus 
control 


| +9. nificant); +5.8 cant 
Values for glucose-fed minus glucose + phlo- oe —33.3 41.7 |Not sig-| 15.2) 23.2 
rhizin-fed +10.2, £10.9 | nificant] +4.6)10.6 
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minute N HCl or pyrophosphate fraction, about one-fifth in the 7 to 180 
minute N HCl fraction, and about two-fifths in the difficultly hydrolyzable 
fraction. 

Rats fed glucose plus phlorhizin showed practically as great an increase 
in the pyrophosphate fraction as rats fed only glucose, but the phlorhizin- 
ized rats showed practically no change in organic P in either of the other 
two fractions. An examination of Table I shows that the carbohydrate- 
phosphate compounds which might be expected to accumulate in intestinal 
mucosa (hexose-6-phosphates, hexose diphosphate, and triose phosphates) 
after feeding of glucose would be found practically entirely in the 7 to 180 
minute and the difficultly hydrolyzable organic P fractions. It is just 
here that phlorhizin exerts its inhibitory effects, while not affecting the 
accumulation of pyrophosphates, presumably formed from adenylic acid 
and inorganic phosphate. 

Separation of Baritum-Soluble and Barium-Insoluble Compounds in 
Trichloroacetic Acid Filtrates--The barium separation procedures were 
copied from Cori, Colowick, and Cori (2). 50 ce. or more of trichloro- 
acetic acid filtrate of mucosa were prepared, two or more rats being used. 
10 ce. of this filtrate were placed in each of two centrifuge tubes, together 
with 2 drops of 0.1 per cent phenolphthalein. Powdered barium hydroxide 
was added carefully, with stirring, until the contents of each tube showed a 
very faint pink. The precipitates which showed up at this point were 
centrifuged down, and the two supernatant fluids poured into a 25 ce. 
volumetric flask. The precipitates were redissolved as completely as 
possible with 0.01 nN HCl, 2.0 ec. to each tube. 1 drop of phenolphthalein 
was added to each tube and powdered barium hydroxide worked in as 
before until the contents of each tube were a very faint pink. The precipi- 
tates were again centrifuged down, and the supernatant fluids added to 
those already present in the 25 ce. flask. This flask was filled to its mark 
with water and used for the determinations shown in Table III as Ba filtrate 
values. 

The precipitates were almost completely dissolved with 1.0 nN HCI, 1.0 
ec. per tube, and the insoluble material centrifuged down and later dis- 
earded. The fluid portions were poured into a 10 ec. volumetric flask, 
which was brought to its mark with repeated water washings (and cen- 
trifugings) of the two tubes. This solution was employed to secure the 
determinations shown in Table III as Ba precipitate values. 

The results of five experiments in which barium separation was combined 
with N HCl hydrolysis are shown in Table III. The conclusions which 
can be drawn from these results are as follows: (1) Where an increase in 
the 0 to 7 minute N HCl fraction occurred (compare Experiments B-1 and 
B-2 with A-1 and A-2) this increase took place largely in the barium 
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III 
Combined Barium Separation and N H Cl H ydrolysis Experiments 


P values, mg. per 100 gm. dry dias 


Organic P Sastion 
Solution tested 


Total Direct 
P P min. 7-180 | 
| Hcl | in 


Experiment A-1, Oct. 25, 1940, 2 rats (M. 170 gm., F. 175 gm.) fasted 2 24 hrs. 


Ba filtrate 5 175 19 + 142 

ppt. 206 196 10 1 
Sum... | 381 215 14 146 
Triehloroace tic acid filtrate | | 41 161 


— 


Experime nt A-2, Dee. 13, 1940, 2 female rats aa gm. ‘We gm. ) fasted 24 hrs. 


Ba filtrate | 263 66 20 ll | 166 
Sum. 449-214 = 


Trichloroacetic acid filtrate. . 512 | 263 45 12 | 192 


Experiment B-1, Nov. 27, 1940, 2 male rats (212 gm., 194 gm.) fasted, given 5.5% 
glucose by stomach tube, killed 45 min. later 


Ba filtrate. . 264 35 22 41 166 


Sum. | 435 | 151 6 | HH | 166 
Trichloro: iwetic ac id filtrate. . 486 186 174 


Experiment B-2, Jan. 3, 1941, 5 rats (M. 135 gm., 4 F. 149, 173, 151, 156 gm. sieaad 
given glucose by stomach tube, killed 45 min. later 


Ba filtrate. 24 | 178 


Trichloroacetic acid filtrate. ..| 444 135 61 | 53 195 


Experiment C, Dec. 13, 1940, 2 female rats (ot gm., 182 gm.) given 5. 5% Bee + 
0.02 M phiorhisin + 0.01 Nn NaOH by stomach tube, killed 451 min. later 


Ba filtrate. 58 14 | 93 | 171 


precipitate fraction, indicating formation of adenosine diphosphate or 
triphosphate or both. This is in accordance with the findings of Lohmann 
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(14) and of other workers on muscle and other tissues, and justifies the use 
of the term pyrophosphate fraction in referring to the 0 to 7 minute n HC] 
fraction of trichloroacetic acid filtrates of mucosa. (2) Failure to secure 
appreciable amounts of barium-soluble organic P, hydrolyzable within 7 
minutes by nN HCl at 100°, even after glucose feeding (again compare 
Experiments A-1 and A-2 with B-1 and B-2), indicates that only very 
small amounts of glucose-1-phosphate can be present in intestinal mucosa, 
and that if any is formed during glucose absorption it must be very rapidly 


TABLE IV 
‘Fructose’ Content of Rat Intestinal Mucosa 


“Fructose” concentrations, mg. per 100 gm. dried mucosa 


Type of experiment 
Trichloroacetic  Bafiltrate Ba ppt. Ba filtrate 
| acid filtrate | fraction fraction’ i+ Ba ppt. 
Control, Oct. 18, 1940....................| 50.9 | 38.0 | 8.2 | 46.2 
ow 39.1 | 34.4 | 11.0 | 45.4 
vs 23.7 | 16.6 | 3.8 | 90.4 
Average for 9 experiments + 8.E...... | 34.7 + 3.8 | | | 
Rats given glucose Nov. 27, 1940........ .| 65.0 | 39.8 | 18.3 | 58.1 
Jan. 3, 1941, mixed trichloroacetic acid | | | 
| 88.5 | 8.2 | 96.7 
Average for 12 experiments + 8.£..... | 92.0 + 7.6 | ) | 
Rats given glucose + phlorhizin Dec. 13, | | | 


Average for 7 experiments + s.E........ 51.2 + 3.9 


Differences and s.&£. for trichloroacetic acid filtrate averages 


hydrolyzed or transformed. (3) Very little barium-insoluble difficultly 
hydrolyzable organic phosphate is present in rat intestinal mucosa. This 
indicates that only small amounts of phosphoglyceric acid can be present. 


It also suggests that any increase in difficultly hydrolyzable organic phos- | 


phate occurring after glucose feeding is probably due to formation of a 


hexose-6-phosphate; e¢.g., the Embden ester. This increase was noted | 
after glucose feeding (Table II) but not after feeding glucose plus — 


phlorhizin. (4) The difficultly hydrolyzable barium-soluble organic P 
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constitutes on the average over 60 per cent of the total organic phosphate 
and about one-third of the total acid-soluble phosphate. Fructose values 
(Table IV) indicate that the Embden ester constitutes only a minor part 
of this fraction. 


“Fructose” in Trichloroacetic Acid and Derived Extracts of Rat 
Intestinal Mucosa 


The Seliwanoff reaction (method of Roe (25)) gives strong color develop- 
ment with fructose (100 per cent), fructose-6-phosphate (about 60 per cent 
of that for fructose according to Goda (4)), and fructose diphosphate 
(about 25 per cent of that for fructose according to Kalckar (6)). In the 
present experiments the period of heating at 80° was changed from 8 min- 
utes, as recommended by Roe, to 10 minutes, or 12 minutes, as this gave 
stronger color development and better checks between duplicates. All 
color determinations were made with a Coleman spectrophotometer set 
at either 490 or 500 my. Special tests were run on the comparative 
amounts of color secured with glucose and fructose standards. In terms 
of fructose, a fresh glucose solution gave a value of 0.69 per cent, while 
solutions which had been standing on ice for about 1 and 3 weeks respec- 
tively gave values of 0.78 and 0.93 per cent. 

“Fructose”? values secured for control rats, for rats given 5.5 per cent 
glucose and killed 45 minutes later, and for rats sacrificed 45 minutes after 
having been given glucose plus phlorhizin are shown in Table IV. The 
values shown in Table IV have been corrected for color development due to 
non-fructose-containing substances as follows: concentrations of reducing 
substances present in the filtrates were determined by the Hagedorn and 
Jensen method (23) and termed ‘‘total hexose.”” From the “total hexose’’ 
was subtracted the ‘‘fructose’’ hexose as determined by Roe’s method (25). 
The difference was assumed to be glucose and multiplied by 0.0093 (the 
most unfavorable glucose to fructose ratio was 0.93 per cent). This value 
was then subtracted from the original ‘‘fructose’”’ value. This correction 
amounted to only 2 to 4 mg. of ‘“‘fructose’”’ per 100 gm. of dried mucosa and 
was actually somewhat smaller for glucose-fed rats than for either control 
rats or rats fed glucose plus phlorhizin. 

From Table IV it can be seen (1) that appreciable amounts of a com- 
pound or compounds giving the Seliwanoff fructose reaction are accumu- 
lated in the intestinal mucosa of glucose-fed rats; (2) that much smaller 
amounts of this compound or compounds are accumulated if phlorhizin is 
mixed with the glucose; (3) that much the greater part of the material 
reacting like fructose is barium-soluble; z.e., in so far as barium solubility is. 
concerned it behaves like fructose-6-phosphate. 

Values for the Embden ester in trichloroacetic acid filtrates may be 
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calculated from “fructose” values, if certain assumptions are made. For 
the present calculations it is assumed (a) that all of the material reacting 
like fructose is fructose-6-phosphate, (b) that fructose-6-phosphate gives 
60 per cent of the color reaction given by fructose (Goda (4)), and (c) that 
this fructose-6-phosphate is present as part of the Embden equilibrium 
ester, which is composed of about 10 parts of fructose-6-phosphate to about 
25 parts of glucose-6-phosphate. 


Hexose PO, P 100% _, 35(total hexose PO,) 31.027(mol. wt. of P) 
“‘Fructose”’ 60% 10(fructose PO,) 180.16(mol. wt. of fructose) 


= 1.005 


1.e., the hexose monophosphate P may be assumed to be identical with the 
“fructose” value. If we also assume that the increase in non-pyrophos- 
phate P equals the increase in Embden ester P, we secure the following 
values for such increases, in rats killed 45 minutes after being given the 
test solution: rats fed glucose, (a) from increase in ‘‘fructose’’ value (Table 


IV) 57.3 mg. per cent of P, (b) from increase in non-pyrophosphate organic 


P (Table II) 47.7 mg. per cent of P; rats fed glucose plus phlorhizin, (a) 
from increase in “fructose” value (Table IV) 16.5 mg. per cent of P, (6) 
from increase in non-pyrophosphate organic P (Table IT) 13.4 mg. per cent 


of P. 


DISCUSSION 


Studies on tubular reabsorption of glucose by the kidney have led Shan- 
non and Fisher (26) to postulate formation of addition compounds of 
glucose within the kidney cells to account for their results. The only 
compounds of this kind known at present to exist in kidney and intestinal 
mucosa cells, for formation and hydrolysis of which there exist powerful 
intracellular enzyme systems, are the carbohydrate-phosphate compounds. 

If we assume that all of the increase in non-pyrophosphate organic P 
represents increase in hexose phosphate compounds or their successors, we 
get in 45 minutes an increase in concentration of these compounds in rat 
intestinal mucosa of 47.7 mg. per 100 gm. of dried mucosa (Table II) for 
rats absorbing 5.5 per cent glucose. In 45 minutes a 150 gm. rat may be 
expected to absorb about 0.25 gm. of glucose through an amount of intes- 
tinal mucosa having a total dry weight of about 0.4 gm. (unpublished 
observations). This amount of glucose is equivalent to over 10,000 mg. 
of hexose monophosphate P in 100 gm. of dried mucosa, or over 200 times 
the increase in non-pyrophosphate P found by analysis. As has already 
been pointed out by Verzdr (27) and by others, the phosphorylation 
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hypothesis therefore requires that practically all of the hexose phosphate 
formed or some successor shall be almost immediately rehydrolyzed or shall 
diffuse out very rapidly into the blood capillaries of the small intestine. 

Intestinal mucosa shows very considerable phosphatase activity, so that 
it is very probable that the splitting takes place chiefly in the mucosa. 
Whether any accumulation of carbohydrate-phosphate compounds shall 
occur in the mucosa will depend, then, not on the rate of phosphorylation 
of the hexose, but rather on the relative rates of phosphorylation and 
dephosphorylation. 

Kjerulf-Jensen and Lundsgaard (7) have shown that, when cyanide is 
injected to stop intracellular phosphorylations without appreciably affect- 
ing phosphatase activities, a considerable part of the organic phosphate 
newly formed in rat intestinal mucosa during fructose absorption disap- 
pears very rapidly. They calculate that the rapidity of the observed 
phosphate splitting amounts to at least 95 per cent of the calculated rapid- 
ity of ester transformation when it is assumed that the ester formed during 
fructose absorption is fructose monophosphate. 

Phosphorylation of glucose by kidney extracts is about 60 per cent in- 
hibited by m/600 phlorhizin (5) and practically completely inhibited by 
M/333 phlorhizin (unpublished observations of the present author). 
Kidney phosphatase activity is only slightly affected between pH 6 and 
9 by 0.01 m phlorhizin, and a concentration this great is required to bring 
about complete inhibition of the acid phosphatase at pH about 5 (further 
unpublished observations). In the kidney, then, phosphorylation of 
glucose is far more strongly inhibited by phlorhizin than is kidney phospha- 
tase activity at any pH conceivable as occurring within the living kidney 
cells. The phosphatase activities of intestinal mucosa extracts were even 
less sensitive to phlorhizin than those of kidney extracts; so.that it seems 
likely that the same relationship holds for intestinal mucosa. 

Failure to secure accumulation in intestinal mucosa of non-pyrophos- 
phate organic P and of substances reacting like fructose in rats fed glucose 
plus phlorhizin is therefore attributed to a specific inhibition of glucose 
phosphorylation by phlorhizin. This in turn suggests very strongly that 
the simultaneously occurring inhibition of glucose absorption by phlorhizin 
is also due to an interference with glucose phosphorylation. For a final 
decision as to the validitv of the phosphorvlation hypothesis of hexose 
absorption, it seems to the present author that experiments must be per- 
formed in which labeled molecules are used. One series of such experi- 
ments has already been reported by Rapoport and coworkers (24), who 
found that turnover of pyrophosphate P in rat kidneys, as measured with 
the aid of radioactive P, is appreciably reduced by phlorhizin. 
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SUMMARY 


1. After 30 to 45 minutes absorption of a 5.5 per cent glucose solution the 
intestinal mucosa of the rat showed an average increase in pyrophosphate 
organic P of 24.0 mg. per cent (mg. per 100 gm. of dried mucosa), and 
average increases of 12.4 and 25.5 mg. per cent in the 7 to 180 minute n 
HCl and the difficultly hydrolyzable fractions respectively. 

2. Barium separation procedures and “fructose”? determinations indi- 
cated that most of the increase in non-pyrophosphate organic P was due to 
accumulation of a hexose monophosphate ester, probably the ern ecine 


equilibrium ester. 
3. Increases in the non-pyrophosphate organic P fractions and in com- 


pounds reacting like fructose were much smaller in rats fed glucose plus 
phlorhizin than they were in rats fed only glucose. 

4. Increases in pyrophosphate organic P were of about the same value 
in glucose-fed and in glucose plus phlorhizin-fed rats. 

5. The relation between these findings and the phosphorylation hy- 
pothesis of glucose absorption by intestinal mucosa has been discussed. 


The author is indebted to Dr. C. F. Cori and Dr. G. T. Cori for advice, 
and to the Abbott Dermatological Laboratory, Philadelphia, for the rats 
employed in these experiments. 
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STUDIES ON MANGANESE DEFICIENCY IN THE RAT* 


By PAUL D. BOYER, JAMES H. SHAW, anno PAUL H. PHILLIPS 


From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison 


(Received for publication, January 31, 1942) 


Manganese has been shown by a number of investigators to be an essen- 
tial nutritional element (1-9). Some discrepancy exists as to the effects 
of manganese deficiency. The estrous cycle has been reported to be both 
normal (4) and disturbed (1, 2, 5). Kemmerer, Elvehjem, and Hart (2) 
have reported that manganese deficiency retards growth in mice, while 
Orent and McCollum (4) have reported that rat growth is not affected by 
manganese deficiency. 

In reference to the mechanism of manganese function little is understood. 
Rudra (10, 11) has reported that manganese is essential for the synthesis 
of ascorbic acid. This is of interest, as ascorbic acid has been used suc- 
cessfully for treating bovine sterility (12). Manganese may also play a $f 
réle in certain enzyme systems. Richards and Hellerman (13) and Edl- et 
bacher and Baur (14) have reported that manganese may be a component a . 
of arginase. Manganese activation of certain dipeptidases has been shown at 
by Berger and Johnson (15) and Gailey and Johnson (16). P+ 

These investigations were undertaken to determine whether any rela- a 
tion existed between manganese and ascorbic acid synthesis, to measure it 
the effect of manganese deficiency on certain enzyme systems, and to make | % ) 
histological examination of various tissues of the manganese-deficient rat. i 


| At the same time it was hoped to produce a pronounced manganese de- : 
ficiency and thereby further elucidate the effects of manganese on growth ‘s 
and reproductive functions. 

4 


EXPERIMENTAL AND RESULTS 


In the first experiment both mineralized milk (1 mg. of iron and 0.1 : 
| mg. of copper per 100 cc. of milk) and a solid ration, composed of sucrose 
63 parts, reprecipitated casein 20 parts, butter fat 6 parts, salts' 5 parts, “] 
yeast 5.9 parts, and irradiated yeast 0.1 part, were used for the low man- a] 
ganese rations. The milk ration contained about 0.03 part per million | 
and the dry ration about 2 p.p.m. of manganese as determined by the «ei 


*Published with the approval of the Director of the Wisconsin Agricultural Experi- : 
ment Station. Supported in part by a grant from the Wisconsin Alumni Research +] 
Foundation. 


'The salt mixture of Phillips and Hart (17) with the manganese omitted was used. ; | 
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method of Wiese and Johnson (18). Rats for these and subsequent ex- 
periments were weaned without access to manganese by placing the preg- 
nant female on the low manganese ration during the last few days of gesta- 
tion and during the suckling period. Glass cages were used, with absorbent 
cotton as bedding for the young. That this technique produced young 
rats with low stores of manganese was indicated by the poor growth sub- 
sequently obtained on the low manganese diets. Manganese supplementa- 
tions, when given, were added so as to make the concentration of the milk 
10 p.p.m., and the dry ration 50 p.p.m. 

Four groups of six rats each were used in the first experiments; one group 
received mineralized milk, one group the dry low manganese ration, and 
two groups the same rations supplemented with manganese. The un- 
supplemented rats on both rations showed retardation of growth. How- 
ever, growth in all the lots was only fair, due possibly to the unthrifty 
condition of the rats at weaning. After 10 weeks on experiment the rats 
were removed, and the tissues used for ascorbic acid analyses and his- 
tological studies. Since the rats reared on the mineralized milk had shown 
the most pronounced growth difference, mineralized milk was used for 
further studies. Three groups of three male and four female rats each 
were used. One lot received no supplement, one added ascorbic acid, and 
one added manganese. Ascorbic acid equivalent to 10 mg. per rat per 
day was given, either by subcutaneous injection or in the milk. Ascorbic 
acid additions to milk were made every other day, alternating with the 
mineral additions. The ascorbic acid supplements were discontinued at 
30 weeks, as it had become evident that they gave no growth stimulation 
to manganese-deficient animals. After the rats had been on experiment 
for 26 weeks, vaginal smears were made on the females to determine the 
normality of the estrous cycles, and mating tests with stock colony male 
and female rats were made. After 48 to 52 weeks on experiment the rats 
were removed, and the tissues used for the enzyme studies and bone 
examinations. 

Growth and Reproductive Functions—-A definite growth response to 
manganese was obtained in both male and female rats, as shown in Figs. 
1 and 2. It was hoped that by maintaining the rats on experiment for 
extended periods more pronounced effects of manganese deficiency could 
be produced but this was not realized. The growth difference lessened 
somewhat after 30 weeks. This may have been due to manganese con- 
tamination in the milk, or to other contamination as the rats at this time 
were transferred from glass to metal cages. 

Food consumption records for the first 14 weeks of the second exper!- 
ment showed that the groups on low manganese and low manganese plus 
ascorbic acid consumed an average of 41 and 37 cc. of milk per day re- 
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Fic. 2. Growth of female rats on low manganese diet 


spectively, while the animals on the manganese-supplemented diet consumed 
an average of 50 cc. per day during this period. The growth obtained per 
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100 ec. of milk consumed during the 14 week period was 2.32 gm. for the 
low manganese group, 2.34 gm. for the low manganese plus ascorbic acid 
group, and 2.84 gm. for the low manganese plus manganese group. This 
indicated a greater efficiency in the use of food by the rats receiving man- 
ganese supplements. | 

The females on the low manganese diet showed a marked delay in the 
opening of the vaginal orifice, the average time of opening being 171 days 
as compared to 82 days for controls. Estrous cycles as determined by 
vaginal smear technique in the manganese-deficient females were either 
irregular or absent, while control females showed with few exceptions 
regular estrous cycles. In breeding tests control females bred with stock 
colony males, but manganese-deficient females would not breed with stock 
colony males. Control males successfully bred stock colony females, 
but manganese-deficient males showed no interest in stock colony females. 


TABLE I 
Ascorbic Acid Content of Various Tissues in Manganese-Deficient Rat 


Ascorbic acid per gm. fresh tissue 


Tissue | Dry ration Milk ration 
Low | Added | “Added 
_ Manganese manganese Manganese manganese 
| mez. meg. | Mz. mez. 
0.16 0.18 0.23 0.25 
0.29 0.26 0.21 


As to general symptoms the low manganese rats showed no gross symp- 
toms other than a poorer hair coat and some alopecia around the neck. 
Diarrhea and coprophagy were common. ‘The rats showed no impairment 
of gait, and were lively and active. 

Relation to Ascorbic Acid—A manganese deficiency did not result in a 
lowered ascorbic acid content of the various tissues studied, as shown in 
Table I. The ascorbic acid content was measured by weighing about 200 
mg. of the fresh tissue into 5 cc. of 6 per cent metaphosphoric acid, grinding 
with sand, making up to 10 cc. volume, filtering, and determining the 
ascorbie acid content of a suitable aliquot by use of the photoelectric 
colorimeter, as in the method of Mindlin and Butler (19). The lack of a 
growth response to ascorbic acid supplementation by the manganese- 
deficient rat (Figs. 1 and 2) was additional indication that ascorbic acid 
played no part in manganese deficiency. To check further any possible 
relationships of manganese to vitamin C, the experiments of Rudra (10) 
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were repeated. Rudra reported that rat liver slices synthesized vitamin C 
from mannose, and that manganese was a limiting factor in the synthesis. 
Duplication of Rudra’s technique with liver, and also with kidney, intestine, 
and spleen, showed no synthesis of ascorbic acid from mannose, and no 
activating influence of manganese, as indicated in Table II. These ex- 
periments were also tried with an atmosphere of nitrogen, and with use of 
blood serum instead of Ringer-Locke solution and phosphate buffer as a 
suspending medium, but no synthesis could be detected. In all cases a 
loss of vitamin C occurred upon incubation. 

Histological Studies—-Histological examinations were made on the liver, 
kidney, adrenal, pituitary, thyroid, and testes or ovary. They revealed 
no marked abnormalities in any of the tissues except the testes. The 
livers of four out of six rats on the low manganese, dry ration showed some 


TABLE II 
Possible Synthesis of Ascorbic Acid by Rat Tissue 
About 400 mg. of tissue slices in 3.0 ec. of Ringer-Locke solution and 2.0 ec. of 0.05 


M phosphate buffer, pH 7.4; total volume 4.0 ecc.; incubated 3 hours at 37°. 
The results a are reported 1 in mg. of ascorbic aeid per gm. of fresh tissue. 


Before incubation After incubation 

Additions —— 

| Liver Kidney’ testing Spleen Liver | “testing Spleen 

0.45 | 0.27 (0.30 0.56 0.26 0.13 0.10 | 0.42 

| | 0.26 0.15 0.10 0.50 
Mn, final concentration | | 

Mannose and Mn............. | 0. 25 0.09 0.05 | 0.39 


vacuolar degeneration. One out of six rats on the dry ration with added 
manganese was similarly affected. The testes of the manganese-deficient 
rats all showed degeneration. There was a complete lack of spermatids 
and spermatozoa. Nuclear division was decreased or absent, which re- 
sulted in a decrease in the size of the individual tubules. The epithelium 
of the epididymus was fairly normal, although the tubules were materially 
decreased in size. The lumen of the tubules was filled with degenerating 
cells instead of spermatozoa. 

Enzyme Studies--The activity of certain intestinal dipeptidases was 
studied by means of thirteen deficient and five control animals. The entire 
small intestine was removed, the length determined, and the upper 25 
per cent taken for study. The contents were removed by gentle squeezing, 
the tissue weighed, homogenized by grinding with sand and 50 per cent 
glycerol, and made to 10 ec. volume with 50 per cent glycerol. The ac- 
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tivity of these preparations in splitting glycylglycine and leucylglycine 
was determined on suitable aliquots, with and without additional man- 
ganese as an activator, according to the methods used by Berger and John- 
son (15). No deficiency of dipeptidase activity in splitting the substrates 
used was evident in the manganese-deficient animal. The dipeptidase 
activity showed a fairly wide variation, but averages for dipeptidase 
activity of intestinal preparations from the manganese-deficient animals 
were equal to or slightly greater than those for the controls. 

Arginase studies on liver tissue were made by adapting the method used 
by Lightbody (20). About 200 mg. of fresh liver tissue were homogenized 
with distilled H,O and made to 25 ce. volume. 4 cc. of resulting suspension 
and 1.0 ce. of veronal buffer, pH 9, (21) were made to 10 ce. volume, and 
placed in a water bath at 37° for 1 hour. Then 0.5 ec. of the enzyme 
preparation was pipetted into a test-tube containing 2 cc. of 1 per cent 
arginine previously brought to pH 9, 1 ec. of veronal buffer (pH 9), and 
1.5 ec. of HO, or 1.0 ec. of H2O, and 0.5 ec. of 0.0015 Mm MnCl. To the 
control tubes were added immediately 2 drops of 1:1 HCl, and the tubes 
were placed in a boiling water bath for about 5 minutes. Samples were 
incubated at 37° for 2 hours, then acidified, and heated. The urea liber- 
ated was determined by bringing the samples to approximately pH 5 with 


1 n NaOH, brom-cresol green being used as an indicator. 1 ce. of 3.N 


acetate buffer (pH 5.0) and 1 cc. of freshly prepared urease solution were 
added; then samples were incubated at 37° for 30 minutes. The ammonia 
liberated was determined by washing the sample into an aeration tube 
containing 5 cc. of saturated KeCQOs;, and aerating for 2 hours into 10 ee. 
of 0.01 n HCl. The HCl was titrated with 0.01 Nn NaOH with chlor- 
phenol red as the indicator. The urease solution used was prepared by 
making 200 mg. of Squibb’s urease, 1 ec. of acetate buffer (pH 5), and 1 
ec. of 0.1 Mm NaCN to 10 ce. volume. 

In these studies doubling the amount of enzyme preparation resulted in 
slightly less than a 2-fold increase in activity. This necessitated de- 
termining the amount of urea liberated at different enzyme concentrations, 
and subsequently expressing results in terms of a definite concentration of 
enzyme. For these studies a “unit” of activity was taken as that amount 
of enzyme which under the conditions of the determination would liberate 
10 mm of urea. A lowered liver arginase was found in the manganese- 
deficient rat, as indicated in Table Ill. Results are expressed in terms of 
the weight of fresh liver tissue, since the dry weight of the livers showed no 
essential difference between deficient and control animals. 

The liver arginase from the animals which had received manganese as 
well as that of the manganese-deficient animals showed activation with 
added manganese under the conditions of the determination. The amount 
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of manganese added was found to be sufficient for maximum activation of 
preparations from both the deficient and the control animals, indicating 
that the differences in arginase activity found represented differences of 
enzyme concentration and not of activation. 

Preliminary studies on urinary nitrogen excretion with two deficient 
rats, which remained after the arginase studies, showed only a slight de- 
crease in the per cent of total urinary nitrogen excreted as urea, and no 
modification of the per cent excreted as ammonia, amino acid, and uric 


acid nitrogen. However, as these results were obtained from old rats 


TABLE III 
Concentration of Liver Arginase in Manganese Deficiency 
The results are reported in units* of arginase per 100 mg. of fresh liver. 


Deficient animals Control animals 
No added manganese Added manganese Noadded manganese Added manganese 

25 65 | SS | 218 
32 | 84 | 81 | 175 
71 97 | 53 | 130 
43 86 | 87 133 
66 85 | 74 
65 91 111f | 
57 101 SOT | 
35 46 
48 96 
60 87 | 
5Y 103 
42 58 
61 79 
58 
52 

Average. 52 83 164 


* A unit of activity is that amount of enzyme which, under the conditions of the 
determination, would liberate 10 mM of urea. 
t Stock rats. 


after much of the earlier growth difference had disappeared, further 
studies are indicated. 

In relation to other possible réles of manganese no bone abnormalities 
such as those reported in two young rats by Barnes, Sperling, and Maynard 
(9) were found with these older rats. They reported that the width of the 
tibia at the proximal end was large in proportion to the length of the bone. 
In the rats from these experiments the ratio of the width of the tibia at 
the widest point of the proximal end to the length of the tibia averaged 
0.17 for both deficient and control animals. 
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DISCUSSION 


The results of these experiments demonstrate that manganese deficiency 
can result in marked growth retardation in the rat. Other unpublished 
data from this laboratory have shown deficient growth on low manganese 
rations.2. The failure of Orent and McCollum (4) to show retarded 
growth on milk diets or other diets low in manganese may have been due 
to manganese stores in the rats when placed on experiment, as these inves- 
tigators used stock colony young for their experiments. The importance 
of using rats with low manganese stores is shown in these experiments. 

Our results confirm those of other investigations which showed that a 
manganese deficiency disturbs the estrous cycle of the rat (1, 5) and mouse 
(2). The normal estrous cycle reported by Orent and McCollum (4) 
for the manganese-deficient female rat was probably due to lack of a 
sufficient degree of manganese deficiency. The delay in the opening of 
the vaginal orifice found in these experiments is greater than that reported 
by Skinner et al. (5). 

The results of these studies indicate that manganese is not necessary 
for the synthesis of ascorbic acid. Guha and Gosh (22) first reported that 
various rat tissues could synthesize ascorbic acid from mannose, but 
Hawthorne and Harrison (23) and Klodt (24) could not repeat the results 
of Guha and Gosh. Rudra (10) then reported that the limiting factor in 
the synthesis was manganese, and has later reported that guinea pig as 
well as rat liver could synthesize vitamin C from mannose in the presence 
of manganese (11). Our attempts to repeat Rudra’s work have been 
unsuccessful. They do substantiate the results of Hawthorne and Harri- 
son (23) and Klodt (24). 

The significance of the arginase differences found is not clear. That 
milk diets on which these enzyme differences were found are not entirely 
adequate is well known (4, 6, 25). However, the differences noted in the 
arginase concentration can be attributed to the added manganese, as it 
was the only dietary difference in two groups. 


SUMMARY 


Pronounced manganese deficiency in the rat has been produced by use 
of rats weaned without access to manganese. This deficiency resulted in 
definitely impaired growth in the male and the female rat. 

In the manganese-deficient female rat estrous cycles were irregular or 
absent, and there was a marked delay in the opening of the vaginal orifice. 
A manganese deficiency in the male rat caused testicular degeneration and 
complete sterility due to lack of spermatozoa production. Both male and 


2 Wachtel, L. W., and Hart, E. B., unpublished data. 
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female manganese-deficient rats were unable to reproduce. No histolog- 
ical abnormalities were detected in the adrenal, kidney, pituitary, and 
thyroid of the manganese-deficient rat. 

The deficiency did not result in reduced ascorbic acid content of tissues, 
nor did ascorbic acid stimulate the growth of the manganese-deficient rat. 
Synthesis of ascorbic acid from mannose by rat liver and other tissues in 
vitro could not be obtained with or without added manganese. 

A reduced arginase concentration in the liver of the manganese-deficient 
rat was found. ‘There were no essential differences in the activity of the 
intestinal dipeptidases studied. 


The authors wish to express their appreciation to Mr. Franklin Gailey 
and Dr. Marvin Johnson for the determination of the dipeptidase activity 
of the intestinal preparations. 
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THE VERATRINE ALKALOIDS 


XII. THE DEHYDROGENATION OF PROTOVERATRINE 
By LYMAN C. CRAIG ann WALTER A. JACOBS 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, January 30, 1942) 


In our further study of the chemistry of the veratrine alkaloids it was of 
interest to apply to other alkaloids of Veratrum album methods similar to 
those which have been reported in the case of cevine and, more recently, 
of jervine (1). This has now been extended to the alkaloid protoveratrine, 
which was first isolated by Salzberger (2) and to which more recently the 
formula CyoHegOuN has been given by Poethke (3). According to the 
latter this alkaloid yields on saponification acetic acid, l-methylethylacetic 
acid, methylethylglycolic acid, and an amorphous alkamine, protoverine, 
CosHysOioN. Although a relationship in structure of this alkamine and 
its companion alkamine germine, CogHgOsN (3), to cevine, Co7HgOsN, 
has been suspected on general considerations, this has not as yet been 
supported by any direct evidence. Some such evidence we have now been 
able to obtain by a study of the dehydrogenation of protoveratrine. 

Since the protoverine of Poethke is difficult to purify, we have dehy- 
drogenated protoveratrine itself with selenium. The resulting reaction 
products yielded a large acid fraction from which it was possible to separate 
by fractional distillation acetie acid, methylethylacetic acid, and methyl- 
ethylglycolic acid, thus confirming the observations on saponification by 
Poethke. From the volatile basic fraction it was possible to separate in 
relatively small amount a dimethylpyridine, which from the melting point 
of its picrate (171-174°) appeared to be 2,5-dimethylpyridine (4). A 
second volatile base was obtained in larger amount which agreed in prop- 
erties both as the free base and as the picrate with the properties which we 
have recorded for the 2-ethyl-5-methylpyridine (5) obtained from cevine 
and from jervine. In a higher fraction an oxygen-containing base was 
contained which was isolated as the picrate. Analysis of the latter indi- 
cated a formulation CgsHeON-CsH3;0;N3. The undistilled residue which 
resulted from the dehydrogenation vielded a relatively small high boiling 
fraction. From the latter a crystalline fraction was in turn obtained but 
in an amount too small for reecrystallization to constant melting point. 
However, analysis, absorption spectrum measurements, and general prop- 

erties indicated impure cevanthrol, C,;H,.O. Its absorption spectrum 
curve,! together with that of cevanthrol, which hitherto has not been pub- 


1 The absorption spectrum measurements were kindly carried out by Dr. G. I. Lavin 
of the Rockefeller Institute. 
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lished, is given in Fig. 1. It can readily be seen from the curves that 
the type of absorption is similar to that shown by cevanthrol, although 
the extinction coefficients are uniformly lower, a difference which may 
well have been due to impurity. Finally, from the non-volatile basic 
fraction a picrate was obtained in very small amount which when analyzed 
appeared to be cevanthridine picrate. Although the melting point was 
somewhat low, it gave no depression when mixed with cevanthridine 
picrate. 

From these data there can be little doubt that the alkamine protoverine 
has the same type of ring structure as has cevine. 


2500 2700 2000 3100 3300 3500 3700 


Fic. 1. Absorption spectrum curves determined in ethyl aleohol solution. O = 
cevanthrol; X = compound from protoveratrine. 


EXPERIMENTAL 


Protoveratrine—Ground commercial roots of Veratrum album were ex- 
tracted at room temperature as follows: 2 kilo portions were thoroughly 
mixed with 7 liters of benzene and stirred with a mixture of 100 ce. of am- 
monia (sp. gr. 0.9) and 1 liter of HO. The next day the solvent was filtered 
and the moist solid was pressed dry. The latter was reextracted with an 
additional 5 liters of benzene. This was finally followed by a third ex- 
traction with 5 liters, which was used directly for the first extraction of a 
succeeding portion of root. The first two extracts, which had been ob- 
tained from a total of 8 kilos of roots, were concentrated in vacuo to 3 
liters. The clear, dark colored solution was then extracted six times with 
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1 liter portions of 5 per cent acetic acid. The acid extracts were shaken 
with 2 liters of benzene and made alkaline with excess 25 per cent NaOH. 
The extraction with repeated portions of benzene was accomplished as 
quickly as possible to avoid erystallization of the alkaloid. The benzene 
extract was washed with water several times, during which a small amount 
of sparingly soluble alkaloid material (protoveratridine) remained sus- 
pended in the aqueous phase. The benzene laver was dried and concen- 
trated to dryness. ‘The resinous residue was dissolved in about 500 ec. of 
dry ether. Crystallization promptly occurred, and after 18 hours the solid 
was collected with ether. The vield of this fraction from 8 kilos of root 
averaged 9.2 gm. ‘This was followed soon by a second fraction from the 
mother liquor which averaged nearly 4 gm. After many weeks an appreci- 
able third fraction of more soluble alkaloids gradually crystallized. The 
first fraction consisted essentially of protoveratrine. 

For recrystallization the first fraction was suspended in about 10 parts 
of hot 95 per cent alcohol and an excess of acetic acid was added. On 
addition of a slight excess of ammonia the alkaloid rapidly separated as a 
crystalline powder which discolored above 270° and gradually decomposed 
at 273-276° (uncorrected). On concentration of the mother liquor in vacuo 
a second appreciable crop was obtained. 


[a], = —40° (c = 1.03 in pyridine) 
Calculated. 61.42, iH 8.13 
Found. (a) 61.64, 8.36 


Dehydrogenation of Protoveratrine—A mixture of 16.6 gm. of protovera- 
trine and 60 gm. of selenium was heated in a flask after the air was re- 
placed by nitrogen at 340° for 2 hours. 10.5 gm. of oil distilled over into a 
chilled receiver. The distillate was treated with a little more than 1 
equivalent of 1:1 HCl (on the basis of the original alkaloid) and extracted 
with ether. The ether layer which contained acid and neutral material 
was set aside to be treated as described below. The aqueous layer was 
made strongly alkaline with solid KOH and the liberated bases were ex- 
tracted with a little ether. Treatment of the alkaline aqueous layer 
with CO, did not liberate any phenolic material. 

The ether solution of bases was dried over K.CO;, concentrated some- 
what, and placed in a fractionation apparatus with a fractionating column 
10 em. in length. The record of the fractionation is given in Table I. 
Each fraction contained approximately 60 mg. of oil. 

The analytical data of Fraction 1 suggested a picoline. However, a 
picrate crystallized readily from acetone and gave analytical data which 
suggested a dimethylpyridine. After two recrystallizations from acetone 
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yellow needles were obtained which melted at 171-174°. 2,5-Dimethyl- 
pyridine picrate has been reported to melt at this point (4). 


CrH 3. Calculated, 46.41, H 3.60; found, 46.65, 3.51 


Fractions 3, 4, 5, and 6 did not show much variation in boiling point or 
refractive index. Both were in good agreement with the figures for 2- 
ethyl-5-methylpyridine obtained from the zinc dust distillation of cevine 
(5). The analytical data of Fraction 5 also approached the calculated 
figures for CsHy,N; wz., C 79.27, H 9.15. It formed a picrate from acetone 
solution which melted sharply at 144—145° and agreed in all properties 
with the picrate of 2-ethyl-5-methylpyridine. The mixture showed no 
melting point depression. 


CsHi,N-CsH;O;N. Calculated, C 47.98, H 4.03; found, C 48.35, H 4.06 


TABLE I 


Fractionation of Volatile Bases 


F | - Pressure ny — 
ture ture 7 C H 
| mm. per cent per cent 
l 95 | 63 40 147 1.4942 76.68 7.81 
2 95 65 36 156 1.4952 
3 95 67 29 167 1.4952 
4 97 68 29 171 1.4950 
5) 97 65 20 171 1.4950 78 88 9.15 
6 103 65 10 173 1.4956 
7 170 130 10 202 1.5152 
§ 1.5245 70.50 8.05 


Fraction 8 with 40 mg. of picrie acid yielded 12 mg. of compact rhombic 
crystals from acetone which melted at 114-117°. 


CsHsON-CsH;O7;N;. Calculated, C 46.14, H 3.30; found, C 46.14, H 3.53 


Recrystallization of this material gave crystals which melted at 138-145”. 
This result combined with the analytical data of Fraction 8 itself makes 
the experience with this alkaloid similar to that encountered with cevine. 
Although the analytical data of Fraction 8 indicate a formulation of 
CsHy,ON (calculated, C 70.02, H 8.08), the picrate prepared from it indi- 
cates the presence of a small fraction containing less hydrogen. In our 
previous experience with cevine it was found that a crystalline picrate 
could not be obtained from the CsH,,ON base (6). 

The above ether extract, which contained the acid and neutral fractions, 
was in turn extracted with NaOH solution. The neutral fraction which 
remained in the ether did not yield anything of promise and appeared to 
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consist mostly of selenium derivatives. The aqueous alkaline extract was 
saturated with CO, and investigated for any phenolic products. This 
proved to be negative. The aqueous layer was then acidified with an 
excess of dilute HCl and exhaustively extracted with ether. The com- 
bined ether extract after drying over MgSO, was concentrated under a 
fractionating column. An aliquot of the oily residue of mixed acids was 
fractionated in a fractionating apparatus with a 10 em. column, as given 
in Table Il. Each fraction contained approximately 100 mg. Fraction 13 
was crystalline. 

Fraction 3 was found to be practically pure acetic acid (C,H,Os, cal- 
culated, C 39.99, 1} 6.70). The boiling point, melting point, and refractive 


Il 
Fractionation of Acidic Volatile Material 


The temperature of the bath was 100° in all cases. 


mm. per cent | per cent 

l 55 120 115 | 

2 65 100 115.5 14-15.5 © | 

3 65 70 116 15-16 1.3728 | 40.00 | 6.73 

4 65 33 11S 

5 65 30 124 

6 65 24 157 

7 65 21 173 

8 65 19 174 

4 65 19 174 

10 65 iS 174 1.4059 58.80 9.75 

ll 65 15 174 

12 65 5 | 174 

13 65 


index were also in excellent agreement. Fractions 1, 2, and 4, from the 
data above, appeared to consist essentially of this acid. 

The boiling points of Fractions 7 to 12 closely approximated the constant 
of isovaleric acid. Their identity was substantiated by the refractive 
index (of Fraction 10), smell, and the analytical data (CsH9Q:, calculated, 
C 58.77, H 9.87). 

The final fraction (No. 13) was crystalline but still contained a little 
oil. However, the erystals did not entirely melt until a temperature of 
68° was reached. Upon recrystallization from a mixture of ether and iso- 
pentane felted needles were obtained which melted at 71-73° (Poethke 
reported 72.5-73°). 


CsH,oO;. Calculated, C 50.81, H 8.54; found, C 51.12, H 8.45 
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The non-volatile residue from the dehydrogenation was powdered and 
exhaustively extracted with ether. Evaporation of the combined ether 
extracts gave a residue of only 0.6 gm. It was redissolved in ether and 
extracted with 10 per cent HCI. The ether layer was separated from the 
usual tarry precipitate and dried. The acid layer was set aside to be 
treated as described below. The ether solution yielded a residue of 0.2 
gm. For fractionation it was placed in a micro fractionating apparatus 
with a column 5 em. in length. Several small fractions were collected up 
to an oil bath temperature of 230° and under 5 mm. pressure. They ap- 
peared, however, to be of hydrocarbon character and were not sufficient 
in amount to permit of proper fractionation. However, a later fraction 
of 50 mg. of semicrystalline material contaminated with selenium distilled 
up to 240°. The selenium was removed with bone-black in ether solution, 
The filtrate vielded a residue which was dissolved in a little benzene. 
Upon cooling and seeding with cevanthrol 23 mg. of crystalline material 
separated which did not exhibit a sharp melting point. After recrystalliza- 
tion 11 mg. of leaflets were obtained which melted at 168—175°. 


Ci7H,.O. Calculated, C 86.39, H 6.83; found, C 85.92, H 7.29 


Obviously the analytical data and melting point are not entirely satis- 
factory (cevanthrol melts at 195-196°), but there was not sufficient mate- 
rial for further recrystallization after the analysis and absorption spectra 
measurements. 

The above acid laver with the suspended tarry salts of basic products 
was extracted with chloroform. The chloroform, which dissolved all the 
precipitated tar, was extracted with 10 per cent NaOH and dried over 
K.CO;. Evaporation of the extract gave a residue of 250 mg. Upon 
distillation under 0.2 mm. pressure only a trace distilled up to an oil bath 
temperature of 200°. However, above this up to 255°, 130 mg. of dis- 
tillate were collected. This could not be directly crystallized. When 
mixed with 70 mg. of picric acid in acetone solution, 20 mg. of crystalline 
material were obtained which melted at 235-245°. This melting point 
was not raised on recrystallization and is approximately 5° lower than that 
of cevanthridine picrate. A mixed melting point, however, showed no 
depression. 


CosHozN+-CeH 30 7N. Calculated, C 65.24, H 5.30; found, C 64.92, H 5.56 
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THE DISSOCIATION CONSTANTS OF HYDROXYLYSINE 


By FRIEDRICH W. KLEMPERER, A. BAIRD HASTINGS, anp 
DONALD D. VAN SLYKE 


(From the Department of Biological Chemistry, Harvard Medical School, Boston, and the 
Hospital of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, February 11, 1942) 


The position of the hydroxy group in the amino acid hydroxylysine, 

whose isolation was reported in 1938 (1), has not been definitely established. 

The chemical evidence points to one of two positions as indicated by 
Formulas I and IT. 


CH,NH CH,OH 
(CHy)2 
CHNH, CHNH, 
COOH 
(I) (11) 


It is the purpose of the present communication to present values of the 
dissociation constants of the acidic and basic groups of hydroxylysine, and 
to compare these values with the corresponding constants of lysine. The 

~ influence on the acid-base dissociation constants of the introduction of the 
hydroxy group into the lysine molecule provides additional evidence for the 
correctness of Formula I or IT. 


Material 


The hydroxylysine used was a preparation of the crystallized mono- 
chloride prepared from gelatin by Van Slyke, Hiller, Dillon, and Mac- 
Fadyen (1). On analysis, the yields were as follows: 


CesHisO3N2-HCl. Calculated. C 36.27, H 7.61, N 14.11, NH2-N 14.11, Cl 17.85 


For the carbon, hydrogen, and nitrogen values, by Pregl micro combus- 
tion, we thank Dr. A. Elek. The amino nitrogen was determined by the 
manometric nitrous acid method (2). The chloride content was by the 
microtitration of Sendroy (3). 
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434 DISSOCIATION CONSTANTS OF HYDROXYLYSINE 


Methods 


The dissociation constants were calculated from the titration curves of 
lysine and hydroxylysine. 

The nature and scarcity of the material used made certain adaptations of 
the conventional technique necessary. Since rather strongly acid and 
alkaline dissociation constants had to be determined, dilution of the amino 
acid could not be carried below a molarity of 0.01 without a sacrifice of ac- 
euracy. Therefore, a small titration vessel (Fig. 1) was constructed from a 
25 X 120 mm. centrifuge tube, to which were fused inlet and outlet tubes 
for hydrogen. The rubber stopper of the vessel carried two platinized 
platinum electrodes (a) (or in some experiments also a bulb type glass 


| 


Fia. 1. Microtitration vessel 


electrode), a KCl agar bridge (b) connecting to a saturated calomel cell, a 
thermometer (c), and an automatic 1 cc. micro burette (d), the tip of which 
was finely drawn out and immersed in the solution. The titration vessel 
was surrounded by a jacket through which water at 38° was circulated. 
This assembly was kept in an electrically shielded air thermostat at 38°. 
The potentials of the hydrogen electrodes were measured with a Leeds and 
Northrup type K potentiometer and type R galvanometer. When pH 
values were measured with the glass electrode, potentials were taken with 
an additional vacuum tube amplifier which was included in the potentio- 
metric circuit. 

3 to 4 mg. of hydroxylysine monohydrochloride were weighed out on the 
micro balance and dissolved in 10 ce. of 0.1 N KCl. After equilibration 
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with hydrogen, the solution was titrated successively with 0.1 N HCl and 
0.1 N NaOH. Titrations of lysine dihydrochloride were performed with 
0.1 N NaOH, followed by back titration with acid. 
All pH measurements were referred to standard acetate buffer to which 
was assigned a value of pH 4.65 according to Hitchcock and Taylor (4). 
The results were calculated according to Van Slyke’s equation (5) 


x x (BI + [H+] 
C — ({B] + (H] — [OH-]) 


TABLE | 
Titration of Hydroxylysine Monohydrochloride 


C = the total concentration of ampholyte; B = the concentration of NaOH. 
A negative value of B designates the concentration of HCI. 3 


pH C | B | pK’; pK’ | pK’; 
mM perl mM perl 

2.34 1.80 —0.76 2.18 

2.49 1.77 —0.54 

2.59 1.76 —0.44 2.11 

2.72 1.75 —(0.33 2 

2.90 1.73 —(0).22 2.25 

3.08 1.72 —0.15 2.17 

8.42 1.69 0.75 8.63 

8.55 1.68 0.90 8.65 

8.74 1.68 1.14 8.67 

8.86 1.68 1.30 8.65 9.65 
9.03 1.67 1.54 8.64 9.66 
9.19 1.67 1.78 8.64 9.67 
9.35 1.67 2.02 8.66 9.64 
9.56 1.66 2.34 8.65 9.66 
9.72 1.66 2.58 9.69 
9.88 1.65 2.81 9.70 
10.03 1.65 3.12 9.66 


where K = the dissociation constant, [B] = the concentration of NaOH 
added; it assumes a negative value when HCl was added to the solution. 
C = the total concentration of ampholyte. The value of [H*] was cal- 
culated from ay X 0.84 where ay = 10-?" and 0.84 was the activity co- 
efficient of [H+] under the conditions of our experiment. Similarly, the 
value of was calculated from apy X 0.81 where agy = 
and 0.81 was the activity coefficient of [OH~]. The value of 13.55 for 
pK, was determined experimentally by measuring pH values of various con- 
centrations of NaOH in 0.1 nN KCl under conditions identical with those of 
the experiment. From these data, it was calculated according to the 
equation, pK, = pH — log [NaOH] — log 0.81. 
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The dissociation constants of the two amino groups, the buffer actions of 
which overlap, were determined by successive approximation according to 
the procedure of Hastings and Van Slyke (6). 


Results 


The data from a representative titration of hydroxylysine are given in 
Table I and Fig.2. Inthe acid range, the glass electrode and hydrogen elec- 


EQUIVALENTS REACTED 


ACIO BASEO 


Fic. 2. Titration curve of hydroxylysine. The smooth curve is based on the con- 
stants, pK’; = 2.13, pK’. = 8.62, and pK’; = 9.67. The points are experimental. 


TaBLe II 
Dissociation Constants of Hydroxylysine and Lysine 


pK’: pK’: | pK’s 
Hydroxylysine 2.16 8.65 | 9.67 
2.22 8.63 9.66 
2.00 8.59 | 9.68 
Ave 2.13 8.62 9.67 
Lysine 2.17 8.91 10.32 
2.23 8.90 10.24 
2.20 8.90 10.28 


trode pH values agreed within 0.01 pH; beyond pH 8, the deviation between 
the two methods became considerable. Although seven complete titrations 
of hydroxylysine were made, the data of only those titrations carried out at 
38° with the hydrogen electrode will be reported. The values of the three 
dissociation constants, ps3, corresponding to the carboxyl group 
and the first and second amino groups respectively, calculated from three 
experiments are given in Table II. The pK values of lysine, reported by 
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Schmidt, Kirk, and Appleman (7) as 2.18, 8.95, and 10.53 for 25° could not 
be used for comparison with our data on hydroxylysine because of the 
differences in temperature and ionic strength of the solutions. Lysine was, 
therefore, titrated under the conditions of our titrations of hydroxylysine. 
The results of these titrations are also given in Table IT. 


DISCUSSION 


The introduction of an OH group into the lysine molecule does not sig- 
nificantly alter the pK’ of the carboxylic group (pK’;). It decreases the 
pK’ of the a-amino group (pK’s) by 0.28 unit. On the other hand, the 
dissociation constant of the second amino group of hydroxylysine is de- 
pressed from pk 10.28 to 9.67; z.e., 0.61 unit. From this, it would seem 
that the OH group is attached more closely to the second amino group than 
to the a-amino group, making its attachment to the 6-carbon the most 
likely position. Unfortunately, very few data are available about the 
influence of OH groups in various positions on an aliphatic amino group. 
A comparison with the dissociation constants! of ethylamine (pK’ = 10.66) 
and ethanolamine (pK’ = 9.48) shows that an OH group adjacent to the 
amino group may depress its pK by as much as 1.18 units. 

However, it is shown by the dissociation constant of alanine (pK’, = 
9.72) and serine (pK’, = 9.15) that the change in pK’ of an amino group 
brought about by an adjacent OH group is smaller in an amino acid than 
in an otherwise unsubstituted aliphatic amine. 

The dissociation constants of hydroxylysine are, therefore, consistent 
with Formulas I and II. The dissociation constants do not permit a 
differentiation between these two structures. 


SUMMARY 


The dissociation constants of hydroxylysine were determined at 38° as 
pK’; = 2.13, pK’, = 8.62, and pk’; = 9.67 as compared with those of 
lysine, pk’; = 2.20, pK’, = 8.90, and pK’; = 10.28. These data confirm 
the view that the hydroxy group is attached in the 6 or e position to the car- 
bon atom adjacent to that carrying the amino group. 
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1 These values were taken from the review of Cohn (8). 
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THE REDUCTION OF METHEMOGLOBIN BY ASCORBIC ACID* 


By CARL 8S. VESTLING 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana) 


(Received for publication, November 4, 1941) 


In this laboratory a study of the oxygen capacities of chemically modified 
hemoglobins has recently been undertaken. In connection with this work 
the reduction of methemoglobin under carefully controlled conditions 
offered itself as a problem, since the combination of a ferriheme with globin 
leads to methemoglobin. In view of this consideration and of the recent 
reports of Cox and Wendel (1), Morrison and Williams (2), Gelinsky (3), 
and others on the reduction of methemoglobin in vivo, and those by Lem- 
berg and coworkers (4, 5) on the coupled oxidation of ascorbic acid and 
hemoglobin, it was decided to make a study of the reaction between 
methemoglobin and ascorbic acid in vitro. This reaction is of particular 
interest, since it forms one step in the cycle postulated by Lemberg, Legge, 
and Lockwood (6) for the formation of choleglobin (and bile pigments). 

It has been found in accordance with thermodynamic prediction that 
ascorbic acid at pH 7 and 0° will reduce methemoglobin to the extent of 
80 to 90 per cent within 6 hours. When the reaction is carried out at room 
temperature in the presence of methylene blue, interaction between the 
two systems is complete at the end of 1 hour. 

The accompanying reactions have been studied by the oxygen capacity 
method. 


Oxyhemoglobin 
K;Fe(CN)¢ NaNO, 
T | 
Ferricyanide-methemoglobin —O, Nitrite-methemoglobin 
Ascorbic acid pH 7 *\ / Ascorbie acid pH 7 
(80-90% reduction) eit (slow and incomplete 
Hemoglobin reduction) 


The evidence to be presented indicates that the reaction of oxyhemo- 
globin with potassium ferricyanide does not lead to the same product as 
is obtained with sodium nitrite (7-9), although spectrophotometric evidence 
in the visible region suggests that very similar products are obtained (9). 


* Presented in abstract before the Thirty-fifth annual meeting of the American 
Society of Biological Chemists at Chicago, April 19, 1941. 
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The oxidation-reduction potentials of the ascorbic acid system have been 
determined by Ball (10) and those of the hemoglobin system by Taylor 
and Hastings (11). With the aid of simple graphical estimation, it can be 
shown that the two systems at pH 7 ought to interact to an extent sufficient 
to reduce 83 to 95 per cent of the methemoglobin. (The oxidation-redue- 
tion titration curves found by Taylor and Hastings (11) are not symmetri- 
cal; hence the estimated range of per cent reduction.) 


EXPERIMENTAL 


The experimental basis for the work reported in this paper has been the 
determination of oxygen capacities according to Van Slyke and Neill (12), 
Sendroy’s (13) modification which involves equilibration with air in the 
chamber of the manometric apparatus being employed. All pH values 
have been measured with a standardized Beckman pH meter. The 
ascorbic acid used was the Pfizer product and all other reagents were of 
the highest quality obtainable. 

Crystalline oxyhemoglobin was prepared from fresh defibrinated horse 
blood! in the following manner, which constitutes a slight modification of 
the procedures of Ferry and Green (14) and of Heidelberger (15). The 
cells were washed four times in an ordinary centrifuge with 1 per cent 
sodium chloride, and then treated with 4 of their volume of toluene. After 
gentle shaking, the mixture was run through the Sharples supercentrifuge 
to hemolyze the cells and emulsify the toluene in the system. Crystalline 
oxyhemoglobin precipitated in the centrifuge during the process. After 
several hours at 0° the resulting paste was centrifuged in an ordinary 
centrifuge and the toluene-stroma layer discarded. It was then treated 
with a minimum amount of 1 N sodium carbonate to dissolve the crystals, 
filtered on a Buchner funnel, and the oxyhemoglobin recrystallized by 
bubbling in a 4:1 mixture of oxygen and carbon dioxide at 0° until the pH 
reached 6.6. In this way a thin cell-free paste of crystalline oxyhemoglobin 
containing emulsified toluene was obtained; it was stored in the refrigerator 
‘under toluene vapor and remained stable and contaminated by only traces 
of methemoglobin for several months. 

Ferricyanide-methemoglobin systems have been prepared by treating 
analyzed solutions of crystalline horse oxyhemoglobin or hemolyzed 
defibrinated horse blood with 1.1 molecules of K3Fe(CN). per hemoglobin 
iron atom (assuming a molecular weight of 68,000 and 4 iron atoms per 
molecule for hemoglobin). Nitrite-methemoglobin systems have _ been 
prepared by the addition of 1.1 molecules of NaNO, per iron atom to 
crystalline horse oxyhemoglobin or to washed rabbit erythrocytes. Oxygen 


1 The author desires to express his gratitude to the Animal Pathology Laboratory 
at the University of Illinois for the fresh horse blood used in this work. 
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capacity determinations have been carried out on these methemoglobin 
preparations and compared with blank determinations. 
The various methemoglobin systems have then been treated with 


freshly prepared solutions of ascorbic acid in a 1:1 mixture of phosphate - 


buffer and isotonic sodium chloride solution (1 molecule of ascorbic acid 
per iron atom, a 2-fold excess) under the conditions noted in Tables I to 
IV, and the oxygen capacities of the resulting systems measured at various 
time intervals. Experiments in which the calculated amounts of ascorbic 
acid were used led to lower yields of oxyhemoglobin because of incomplete 
reduction; somewhat decreased oxygen capacities were also encountered 
when a 4-fold excess of ascorbic acid was used. 


a 
6+ 
% 
Total 
718° Hb 
as 
Reduction of HbO, 
Methemoglobin 
by | 
Ascorbic Acid t2o 
oC. pH7 
_to 
2 4 6 2 10 


Hours After Ascorbic Acid Addition 


Fic. 1. Reduction of ferricyanide-methemoglobin by ascorbic acid at 0° and pH 7. 
O = oxygen capacities at indicated times after ascorbic acid addition. 


Blank oxygen capacity determinations’ were carried out with each 
series of measurements, and the experimentally determined ¢ corrections 
were subtracted in each case. The effect of the presence of ascorbic acid 
on the determination of oxygen capacities (d values in Tables II to IV) 
is worthy of mention. A slight lowering of the measured oxygen capacity 
was encountered in the majority of experiments when ascorbic acid was 
present. This effect was observed even in. the blank determinations and 
probably indicates partial oxidation of ascorbic acid under these conditions. 
It was very difficult to arrive at a constant d value for a given set of condi- 
tions, since d is a function of both time and temperature and is superim- 
posed on slow oxyhemoglobin degradation. For this reason the various d 
values are recorded in each case. 

Fig. 1 shows the reduction of ferricyanide-methemoglobin by ascorbic 
acid at O° and pH 7. The methemoglobin was prepared by adding 1.1 


| 
| 
t | al 
i- 
| 
| | 
| | 
af 
| 
of | 
Vo | 
of 
| 
ge 
e 
er | | 
4 
in 
or 
eS 
ed 
yin 4 
er 4 
en | 
to | 
| 
ory | 


442 METHEMOGLOBIN REDUCTION 


molecules of solid K3Fe(CN). per iron atom to a saline solution of oxyhemo- 
globin at 0°; oxidation is complete in a few minutes. After the addition of 
ascorbic acid, samples were withdrawn at the intervals noted and the 
oxygen capacities determined. On one vertical axis the volume per cent 
oxygen is plotted, and on the other the per cent of total hemoglobin as 
oxyhemoglobin; the latter values were calculated without correcting for 
the depressant effect of ascorbic acid on the oxygen capacity. Methemo- 
globin was about 60 per cent reduced and subsequently oxygenated within 
2 hours and 80 per cent reduced and oxygenated within 6 hours at 0°. No 
attempt has been made to analyze the curve, but it seems clear that the 
two electromotively sluggish systems interact according to thermodynamic 
prediction. The coupled oxidation of ascorbic acid and hemoglobin 


TABLE I 


Oxygen Capacity Determinations; Effect of Ascorbic Acid on Ferricyanide-Treated 
Hemolyzed Defibrinated Horse Blood 


System 1, hemolyzed horse blood; System 2, ferricyanide-treated hemolyzed 
horse blood; System 3, ferricyanide-treated hemolyzed horse blood + ascorbie acid. 


System No. re | Total Hb as HbO2 | Remarks 
1 15.35 | 100 
| 2.98* | 19 Systems 2 and 3 kept at 0° for 24 
3 | 13.50 | 88 hrs. before analysis 


* Ferricyanide oxidation was not complete when 1.1 molecules of KsFe(CN). 
were added per iron atom, which suggests that other components of the system used 
up part of the oxidizing agent. 


described by Lemberg et al. (4) does not take place at an appreciable rate 
at 0°. 

In Table I the effect of ascorbic acid on ferricyanide-treated hemolyzed 
defibrinated horse blood is illustrated. The presence of ascorbic acid 
brought about a marked reduction of methemoglobin in the presence of 
all the components of defibrinated blood. The well known inability of 
ferricyanide ions to penetrate the red cell necessitated hemolysis by the 
addition of a few mg. of saponin. 

The effect of two electromotively active dyes was then investigated and 
the reactions carried out at room temperature. Table II illustrates the 


effect of methylene blue (Ej at pH 7 = +0.011 volt) in 10-* m concentra- 


tion (concentration of pigment iron, approximately 0.002 m). Methylene 
blue (10-5 m) and indigodisulfonate (10-* m, Ey at pH 7 = —0.125 volt) 
were also tested. In each case after 1 hour at room temperature the 
systems were held at 0° for 4 to 12 hours. The standard potential of 
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indigodisulfonate is too low to allow it to exert any appreciable catalytic 
effect on the interaction of methemoglobin and ascorbic acid, but methylene 
blue is very effective in either concentration. In some cases the presence 
of methylene blue led after several hours to a slightly more rapid loss of 
oxygen capacity than was observed in its absence. At room temperature 
the methylene blue-catalyzed reaction reaches completion at the end of 1 
hour, but secondary reactions involving hemoglobin breakdown also 
develop more rapidly than at 0°. The percentages of total hemoglobin as 


TABLE II 


Oxygen Capacity Determinations; Effect of Methylene Blue (10-* m) on Reduction of 
Ferricyanide-Methemoglobin by Ascorbic Acid 

System 1, oxyhemoglobin; System 2, oxyhemoglobin + ascorbic acid + methylene 

blue (10°* mM); System 3, ferricyanide-methemoglobin; System 4, ferricyanide- 

methemoglobin + ascorbic acid; System 5, ferricyanide-methemoglobin + ascorbic 

acid + methylene blue. | 


System No. Or» Total Hb as HbO; Remarks (temperature = 25°) 
6.80 100 | 
2 7.00 Analyzed immediately after addi- 
3 0.01 of ascorbic acid 
4 4.54 67 #4 hr. after ascorbic acid addition 
5 5.14 76 
4 5.46 SO 1 hr. after ascorbie acid addition 
5 6.19 9] 
2 6.64 d= 0.16" 
4 : 5.51 | Sl After 4 hrs. at 0° 
5 5.88 S6 


*d = loss in measured O, capacity due to presence of ascorbic acid. 


oxyhemoglobin have been calculated without taking into account the 
depressant effect of ascorbic acid on the oxygen capacity. 

Table III records the results of one of several experiments with nitrite- 
treated rabbit erythrocytes. Fresh defibrinated rabbit blood was centri- 
fuged at 0-5° and the cells washed four times with isotonic salt solution in 
a refrigerated centrifuge. The washed cells were then suspended in saline 
solution and treated with 1.1 molecules of solid NaNO, per atom of iron for 
> hour at room temperature (29°). At the end of that time, the cells were 
again washed four times with equal volumes of cold saline solution in the 
refrigerated centrifuge. No hemolysis took place in these operations. 
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The data in Table III show a depressant effect of ascorbic acid on the 
measured oxygen capacity of intact cells. After 4 hours at 29° and 14 
hours at 0°, the cells which had been treated with ascorbic acid and meth- 


TABLE III 


Oxygen Capacity Determinations; Experiments with Nitrite-Treated Rabbit 
Erythrocytes* 


[System 1, washed rabbit erythrocytes; System 2, washed erythrocytes + ascorbic 
acid + methylene blue (10~§ m); System 3, nitrite-treated erythrocytes; System 4, 
nitrite-treated erythrocytes + methylene blue (10-* m); System 5, nitrite-treated 
erythrocytes + methylene blue (10°-* m) + ascorbic acid; System 6, nitrite-treated 
erythrocytes + methylene blue (10~®m) + glucose (10-!-* m); System 7, nitrite-treated 
erythrocytes + methylene blue (10-* m) + glucose (107!-* m) + ascorbic acid. 


System No. Or —s | Remarks (temperature = 29° + 1°) 
9.57 100.0 
2 9.03 d = 0.54 after 2 hrs. ; 
3 5.12 53.5 | Analyzed 2 hrs. after nitrite treatment 
4 5.81 methylene blue addition 
acid addition 
2 9.03 d = 0.54 after 4 hrs. 
3 5.40 56.4 | Analyzed 5 hrs. after nitrite treatment 
4 6.03 63.0 44‘ methylene blue addition 
acid addition 
6 | 6.46 67.5 Systems prepared 6 hrs. after original nitrite 
| treatment 
7 6.68 69.8 Analyzed 1 hr. later 
2 9.15 | d = 0.42 
3 6.40 | 66.9 All systems analyzed after 14 hrs. at 0° 
4 6.62 | 69.2 
5 4- 34 
6 8a After 14 hrs. at 0° 
7 9.14 | 9.8 


* The presence of NaNO, (10°!-° Mm) or NaNO, (10°!- Mm) + aseorbie acid (1073? 
mM) at pH 7.2 led to no interference with blank oxygen capacity determinations. 


viene blue (System 2) had undergone no further change as far as oxygen 
capacity or appearance was concerned. ‘The nitrite treatment of the 
cells (System 3) resulted in an initial loss of approximately one-half of 
the oxygen capacity. 5 hours at 29° led to only a slight recovery of oxygen 
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capacity; but at the end of 14 hours at 0° the nitrite-treated cells exhibited 
about two-thirds of their original oxygen capacity, showing a marked 
tendency of the intact cells to recover their oxygen capacity slowly. 

The rather decided difference between Systems 4 and 5 (Table III) at 
the end of 4 hours at 29° and 14 hours at 0° suggests that the presence of 
ascorbic acid was slowly effective in bringing about the reduction of 
nitrite-methemoglobin. Systems 6 and 7 (Table III) serve to confirm the 
experiments of Warburg, Kubowitz, and Christian (16) in showing that 
the intact red cell which is actively metabolizing glucose has a decided 
ability to restore nitrite-methemoglobin to oxyhemoglobin. 


TaBLe IV 


Oxygen Capacity Determinations; Effect of Ascorbic Acid on Ferricyanide- 
Methemoglobin and on Nitrite-Methemoglobin 


System 1, oxyhemoglobin; System 2, oxyhemoglobin + ascorbic acid + methylene 
blue (10-* m); System 3, ferricyanide-methemoglobin; System 4, nitrite-methemo- 
globin; System 5, ferricyanide-methemoglobin + ascorbie acid + methylene blue; 
System 6, nitrite-methemoglobin + ascorbic acid + methylene blue. 


System No. | Oz Total Hb as HbO, | Remarks (temperature = 29° + 1°) 
vol. per cent per cent 

1 5.56 | 

2 5.79 | 100 | d = —0.23 after 2 hrs. 

3 —0.01 

4 —0.02 

5 5.44 O4 After 2 hrs. 

6 0.01 0 

2 4.73 d = 0.83 after 4 hrs. 

5 2.91 50 After 4 hrs. 


6 1.26 22 


The experiments on nitrite-treated erythrocytes led to a comparison of 
the effect of ascorbic acid on ferricyanide-methemoglobin with that on 
nitrite-methemoglobin (Table IV). Such a comparison shows a striking 
difference in the speed and extent of reduction. Ferricyanide-methemo- 
globin was rapidly reduced by ascorbic acid-methylene blue at 29°, but 
after 4 hours at that temperature secondary reactions had set in involving 
the breakdown of the oxyhemoglobin. ‘The nitrite-methemoglobin, how- 
ever, Was untouched at the end of 2 hours at 29°, but at the end of 43 hours 
about one-fifth of the oxygen capacity had been recovered. In the ab- 
sence of intact ervthrocytes nitrite-methemoglobin is not spontaneously 
converted to oxyhemoglobin. 
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The results above indicate that ferricyanide-methemoglobin is not 
identical with nitrite-methemoglobin and that nitrite-methemoglobin 
prepared as described in this report is not ‘‘simple’? methemoglobin. It 
follows accordingly that visible spectrum analysis alone may not positively 
identify certain abnormal blood pigments. 


SUMMARY 


1. The reduction of methemoglobin by ascorbic acid has been studied in 
vitro at 0° and 25-30°; the reaction proceeds according to thermodynamic 
prediction (83 to 95 per cent reduction). 

2. The presence of catalytic amounts of methylene blue greatly speeds 
up the reaction, while the presence of indigodisulfonate is substantially 
without effect. , 

3. Chemical evidence suggests that potassium ferricyanide and sodium 
nitrite do not lead to the same product (methemoglobin) when allowed to 
react with oxyhemoglobin. 
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(From the Department of Physiological Chemistry, Yale University School of Medicine, 
New Haven) 


(Received for publication, January 2, 1942). 


Several years ago a preliminary communication from this laboratory 
(1) reported the isolation of a crystalline protein with high lactogenic 
(prolactin) activity. The prolactin fraction used for the preparation of 
the crystalline product was obtained from whole beef pituitary glands by 
a procedure essentially that described by Lyons (2), with certain modifi- 
eations. ‘The method of Lyons yields a highly purified product which, 
when examined by several methods, both in this laboratory and in the 
laboratory of Evans in California (3, 4), gives evidence of a high degree of 
homogeneity. The yield of crystalline material is small, chiefly owing to 
denaturation of the protein which occurs during the crystallization pro- 
cedure. This fact, together with subsequent observations that the original 
procedure described (1) is not uniformly suecessful, has led to a reex- 
amination of the crystallization of prolactin. Efforts have been made to 
improve the crystallization method both with respect to the uniformity of 
results and the yield of product. A variety of procedures, successfully 
employed for the crystallization of other proteins, have been tried with 
purified, amorphous prolactin preparations; none has proved satisfactory. 
A new procedure has been devised which, unfortunately, suffers chiefly 
from one of the same drawbacks of the method originally described; 
namely, exceedingly low yields of the crystalline product. In the mean- 
time, several investigators, in private communications, have reported 
their inability to obtain a crystalline preparation by the procedure origi- 
nally deseribed (1). On the other hand, one laboratory! has informed the 
authors that crystalline products have been obtained in low yields, al- 
though not uniformly. 


* This investigation was aided by grants to A. W. from the Committee on Thera- 
peutic Research, Council on Pharmacy and Chemistry, American Medical Associa- 
tion, and the Fluid Research Fund of Yale University School of Medicine, and by a 
grant to C. N. Hl. L. from the Committee on Research in Endocrinology, National 
Research Council. 

t Some of the data in this paper are taken from a dissertation presented by Roy 
W. Bonsnes as partial fulfilment of the requirements for the degree of Doctor of 
Philosophy, Yale University. 

! Private communication from Dr. Erwin Schwenk, of the Schering Corporation, 
in whose laboratories crystalline preparations of prolactin have been obtained by 
Dr. Gerhard A. Fleischer. 
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It is, of course, realized that the crystallinity of a protein is not neces- 
sarily a good criterion of purity. Indeed, in certain instances in work 
with prolactin, crystallization has been observed to be accompanied by a 
decrease in lactogenic potency.? 

The present communication describes two procedures which have been 
employed for obtaining a crystalline protein with marked prolactin activity, 
The electrophoretic behavior (5) and the ultraviolet absorption spectrum 
(6) of this product have already been recorded. An adequate quantity of 
material has now been accumulated to permit a further examination of its 
properties, to compare certain of these with those of highly purified pro- 
lactin preparations prepared in this and in other laboratories, and to estab- 
lish definitely its protein nature. 

EXPERIMENTAL AND RESULTS 

Preparation of Crude Prolactin—1 kilo of whole beef pituitary glands is 
extracted as described by Lyons (2). The acid-acetone extract obtained is 
treated with 6 liters of acetone and the mixture allowed to stand in the ice 
box overnight. The bulk of the supernatant solution can be removed by 
siphoning and the remaining fluid separated from the precipitate by 
centrifuging. 

The precipitate is extracted with four 50 ml. portions of distilled water, 
the extract being separated each time from a water-insoluble residue by 
centrifuging; the clear extracts are combined. Addition of 9 volumes of 
acetone to this aqueous solution precipitates the crude prolactin. After 
standing in the ice box overnight, the precipitate is centrifuged and 
washed three times with acetone. The product is dried at room tempera- 
ture in vacuo over sulfuric acid. ‘The range of yields from 1 kilo of glands 
is 1.2to 1.9 gm. 

Preparation of Purified Prolactin The product obtained as described 
above contains a considerable quantity of protein which exhibits a minimal 
solubility at pH 6.4 to 6.8. This is the so called adrenotropic fraction (2). 
Separation from prolactin is effected by dissolving the crude product in 1 
per cent concentration at approximately pH 8.0 with the aid of 0.1 N 
sodium hydroxide, and adjusting to pH 6.6 by the careful addition of 0.1 
nN hydrochloric acid. After removal of the precipitate which forms, the 
prolactin is precipitated by further addition of 0.1 N hydrochlorie acid to 
pH 5.4. The centrifuged prolactin is then redissolved with the aid of 
dilute alkali as before and the hydrogen ion concentration gradually in- 
creased by the addition of 0.1 N hydrochloric acid; any precipitate which 
separates above pH 6.0 is removed by centrifugation. For these reprecipi- 
tations, the volume of solution used has been approximately 20 ml. The 
supernatant is again finally adjusted to pH 5.4 to precipitate the prolactin. 


2 Similar observations have been made independently in the Schering Laboratories. 
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This procedure may be repeated four or five times to free the prolactin from 
contaminating protem insoluble above 6.0.) More effective separa- 
tions and better yields of purified prolactin have been obtained by the use 
of ammonium sulfate together with adjustment of the hydrogen ton concen- 
tration. Both the adrenotropie and prolactin fractions have a significant 
degree of solubility at the hydrogen ton concentrations at which they ex- 
hibit maximum flocculation. In view of this solubility, and consequent 
loss of prolactin in the supernatants during repeated reprecipitations 
earried out to effeet purification, 5 ml. of saturated (NIL solution 
have been added to every 100 mi. of the | per cent solution of crude pro- 
lactin, prior to the initial separation of the material insoluble at pH. 6.6. 
0.5 ml. of saturated (NED QoSO, is used for each subsequent reprecipitation 
which is carried out ina volume of 20 ml. The final pH 5.4 precipitate 
obtained after repeated reprecipitations is dialyzed free from salt and dried 
by washing with acetone, as deseribed for crude prolactin, or by the 
lvophile process. The range of vields of purified prolactin from each gm. 
of crude product Is 75 to 125 nig. 

Crystallization of Prolactin’ Pwo methods have been employed for 
obtaining crystalline products, (@) an acetic acid-pyridine procedure which 
is essentially that deseribed (7) for the crystallization of insulin, and (b) 
precipitation from dilute acetone solutions. For the acetic acid-pyvridine 
procedure, 200 mg. of purified prolactin are dissolved in 2 mi. of 13 per cent 
(by volume) acetic acid ina 15 mi. centrifuge tube. 2 ml. of 10 per cent 
(by volume) pyridine, made by diluting redistilled pyridine with water, 
are added with stirring and the precipitate is centrifuged. The conceen- 
trations of acetic acid and pyridine employed vary somewhat from those 
originally used in the erystallization of insulin (7), and give somewhat 
clearer supernatants. Following removal of the fluid by decantation, the 
precipitate is redissolved in 2 ml. of the acetic acid solution and precipita- 
tion carried out again by the addition of 2 ml. of 10 per cent pyridine; the 
precipitate is then centrifuged. This procedure is repeated ten times in 
all, the supernatants after each centrifugation being combined. The solu- 
tion obtained in this manner is faintly turbid; it is allowed to stand in the 
lee box for several days. Small, hexagonal crystals will gradually deposit; 
the latter slowly dissolve as the solution warms to room temperature, and 
frequently appear under the microscope as prismatic crystals, the edges 


of whieh are somewhat rounded. A photomicrograph of a preparation 


Which had been permitted to deposit over a 2 month period in the ice box 

is shown in Fig. 1. 
A few remarks may be made regarding this procedure, (a) It is desir- 
Dr. Schwenk has informed the authors that the ervstallization method emploved 


In the Schering Laboratories is essentially the technique published by Abel and his 
collengues (S), with the modifieation of omitting brueine from the proceedure 
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able to have the combined supernatants as clear as possible prior to placing 
these in the ice box. Tf any significant degree of turbidity is present, a 
precipitate rapidly forms at the lower temperature and this will consist of 
large, amorphous particles. (b) The yield of erystalline product is exceed- 
ingly small. This may be attributed largely to the fact that purified 
prolactin appears to suffer some loss of solubility when repeatedly redis- 
solved in dilute acetic acid prior to the treatment with dilute pyridine. 
The insoluble residue remaining after ten reprecipitations amounts to 50 
to 65 per cent of the weight of the amorphous prolactin taken.’ The 
limited solubility of the prolactin under the conditions employed has 
contributed to the low yield of crystalline protein.  (¢) Reerystallization 
has not been uniformly satisfactory because of apparent denaturation of 
the protein, associated frequently with a decrease in biological potency. 


1. Crystalline prolactin. 900 


Reerystallizations which have been successful have been carried out by the 
pyridine-acetic acid procedure as described, 

In a second procedure for obtaining a crystalline product, advantage ts 
taken of the fact that prolactin exhibits a considerable degree of solubility 
when precipitated from slightly alkaline solution by adjustment of the 
hydrogen ion concentration to the point of maximum flocculation. The 
protein remaining in solution may be precipitated from the supernatant 
fluid by the addition of acetone to 2 concentration of SO per cent, followed 
by chilling of the solution. The microscopic appearance of the product ts 
similar to that obtained by the pyridine-acetic acid) procedure. This 

' Bioassay of this insoluble residue indicates that a loss of 50 to SO per cent of the 


physiological poteney generally accompanies loss in solubility of prolaetin occurring 


In this step of the ervstallization procedure 


t 


| 
4 f 
4 
AL 
, 
* 9 | 


WHITE, BONSNES, AND LONG 451 


procedure may be carried out directly on the crude prolactin in the follow- 
ing manner. 

500 mg. of crude prolactin are triturated in a mortar with 15 ml. of 
water and 0.2 ml. of 2m sodium hydroxide. The suspension is transferred 
to a 50 ml. centrifuge tube with the aid of distilled water to make a total 
volume of 20 ml. An additional 0.2 ml. of the alkali is added; vigorous 
stirring facilitates solution. A small amount of undissolved protein may 
be evident; this is conveniently removed with the material insoluble at 
pH 6.6. The strongly alkaline solution is immediately treated with 0.3 
ml. of 2 m hydrochloric acid which lowers the pH to the region of 8.0 to 
9.0. The solution is now adjusted to pH 6.6 by the careful addition of 
0.1 N hydrochloric acid; the precipitate which forms is centrifuged. The 
clear supernatant is then further treated with 0.1 N hydrochloric acid until 
the pH is 5.4 to 5.5. The precipitate is immediately centrifuged off and the 
slightly turbid supernatant treated with 4 volumes of acetone and placed 
in the ice box. On standing overnight, a crystalline sediment is deposited 
which under the microscope resembles the product obtained by the pyridine- 
acetic acid procedure. 

Biological Assay—The prolactin activity of various preparations has 
been determined by two methods: (a) the 2 day “‘local’’ assay (9) and (b) 
the 4 day systemic test (10). It has been observed in the present work 
that the systemic method has given more satisfactory results, and this 
technique has been usually employed. 6 week-old pigeons of a single 
strain and from a single source® have been used. Four daily subcutaneous 
injections are made in the tail region, the volume of fluid of each injection 
being 0.5 ml. The birds are killed 24 hours after the last injection and the 
intensity of the response evaluated as described by Lyons (2, 10). In the 
assays reported in the present communication, comparisons have been 
made with the international standard® with an accepted activity of 10 
1.u. per mg. In agreement with the recent publication of Lyons (10), it 
has been found that the activity claimed for the international standard is 
approximately 3 times too high. However, for purposes of comparison 
with other investigators, the value of 10 1.u. per mg. for the international 
standard has been used in evaluating the activity of unknown products. 
Two prolactin preparations from other laboratories have also been care- 
fully assayed. Each of these was prepared from sheep pituitary glands; 
one was kindly furnished by Dr. E. Schwenk of the Schering Corporation 
and the other was obtained through the generosity of Dr. W. R. Lyons of 
the University of California. The prolactin activities of the various 


‘The pigeons employed were all of the white Carneau strain and were obtained 
from the Palmetto Pigeon Plant, Sumter, South Carolina. 

* Kindly supplied by Dr. A. 8. Parkes, National Institute for Medical Research, 
London. 
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products, determined by the systemic method of assay, are presented in 
Table I. It will be seen that several preparations of purified prolactin, 
prepared in three different laboratories, have a biological activity which, 
within the limits of error of the assay method, may be considered identical. 

Homogeneity Studies—Several of the methods generally accepted as 
useful for examining the homogeneity of proteins have been employed in 
this study of prolactin. 

Electrophoresis in Tiselius Apparatus—The electrophoretic behavior of 
crystalline prolactin has been previously reported from this laboratory (5), 
Since the initial publication, the apparatus has been equipped with the 
schlieren scanning device of Longsworth (11). The descending boundaries 
(protein into protein) were scanned for the reasons advanced by Longs- 
worth and MacInnes (12). Fig. 2 shows scanning patterns obtained in a 
typical experiment with a crystalline prolactin preparation (35 L.vu. per 
mg.). The protein boundary migrated in a manner characteristic of a 
homogeneous preparation. Similar homogeneity was observed in an 


TABLE I 
Prolactin Activity of Various Preparations 


international units 


per me. 
Purified prolactin... ..._.. 30-35 
Crystalline prolactin (py vidine- acetic acid procedure ) 30-35 

‘63 (acetone procedure) 30 
Twice recrystallized prolactin (pyridine-acetic : acid procedure) 30-35 
Purified prolactin (from Dr. Schwenk)... 30-40 


electrophoresis experiment conducted at pH 3.90 (acetate buffer, ionic 
strength 0.05). 

Solubility Studies—The crystalline prolactin employed in the solubility 
studies possessed a physiological activity of 30 to 35 L.u. per mg. 

Three series of solubility experiments were conducted, each with a 
different solvent, (a) 0.12 mM NaCl in 0.01 N HCl, (6) 0.33 mM NaCl in 0.01 N 
HCl, and (c) doubly redistilled water. The pH values of these solutions 
were determined with the glass electrode and found to be, respectively, 
2.05, 2.0, and 6.92 at 23°. 

Approximately 500 mg. of prolactin were employed for each solubility 
study. The protein was precipitated at pH 5.5 and washed with successive 
portions of each solvent until two successive solubilities were the same. 
The precipitate was then broken up into a fine suspension and different 
quantities distributed among tubes filled with the solvent. ‘The tubes 
were rotated for 48 hours at 23°, filtered, and the filtrates analyzed for 
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nitrogen by the miecro-Kjeldahl method. The results of the solubility 
studies are shown in Fig. 3. [It will be seen that the solubility is inde- 
pendent of the amount of the saturating solid, from the first appearance of 
a solid phase. No solid phase appeared before the break in each of the 
eurves In big. 3; before the slope became zero. Bioassays of the 
soluble and insoluble material did not show any physiological differences. 

Sedimentation X\ 2 per cent solution (pH 8.0)? of erystalline prolactin 
was examined in oan analytieal Beams air-driven ultracentrifuge (13) 
arranged tor optical study in the visible region by the Toepler schlieren 
method, as developed for the ultracentrifuge by Philpot (14). 


bic. 2) Lileetrophoretie patterns of the deseending boundary in an experiment 
with ervstalline prolaetin. Protein coneentration, 2 per cent; buffer, 0.017 M phos- 
phate plis.O); ionie strength, O.1; temperature, 6 Photographs, from left to right, 
at O time and after 4 hours 


The initial protein peak present at the start of the experiment sedi- 
mented at a uniform rate. A comparable run with highly purified, amor- 
phous prolactin gave a similar diagram. In Fig. 4 are reproduced the 
photographs obtained in oa run with a crystalline preparation. The 
experimental details are given in the legend for this figure. The average 
Value of the sedimentation constant, Soo, found for prolactin in several 
runs Was approximately 2.8) em. see. dynes '. Tentatively 
assuming the prolactin molecule to be spherical, the sedimentation constant 
obtained indicates an approximate molecular weight (15) of the order of 
50.000 tor this protein hormone. Recently, the molecular weight for 


The proleetin was suspended in water and solution completed with the aid of 0.1 
solution was then brought to pILS.O by the addition of 0.1 ~ HCH. 
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prolactin has been determined by osmotic pressure measurements and a 
value of 26,500 reported (4 

A highly purified, amorphous prolactin preparation (35 LU. per mg.) 
was sent to the laboratory of Protessor J. W. Williams at the University of 
Wisconsin for examination in the Svedberg oil-driven ultracentrifuge. 


0.06r 
5 
OO4F 
O 
i i i i 
O O25 0.75 ne 


Mg. Nitrogen in Imi. Suspension 
Fig. 8. Solubilitv curves of eryvstalline, prolactin in various solvents. Upper 
curve, solvent, 0.12 Mw NaCl solution in O.OL Mm HCL, pH 2.05; middle curve, solvent, 
0.33 Mm NaCl solution in O.OL Mw HCl, pH 2.0; lower curve, solvent, redistilled water, 
All measurements at 23°. 


‘14.4. Sedimentation of ervstalline prolactin; photographs by the Philpot schhe- 
ren jesomey at O. 30, 60,90. and 120 minute intervals, reading from left to right. 45,000 
R.P.M. (142,000 & q). 


Several sedimentation and diffusion experiments have been completed. 
Professor Williams has written the following, in a private communication: 
“We have been able to finish a few sedimentation and diffusion experiments 
with your prolactin. The results we find are So = 2.65 K 107%, Do = 
7.5 10-7 and VM = 32.000. [Lam inclined to think the molecular weight 
value will ca turn out to be a little larger than the figure we give. 
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On sedimentation and diffusion the prolactin gave curves very much like 
those that one would expect when working with a simple homogeneous 
substance.”’ 

These preliminary data obtained by Professor Williams and his col- 
leagues will be extended when circumstances permit resumption of this 
work. It seems advisable to obtain as accurate physicochemical constants 
as possible for any highly purified protein, and the physiological interest in 
prolactin adds importance to data obtained in a laboratory experienced in 
determining these constants. Grateful acknowledgment is made to 
Professor Williams and his colleagues for these preliminary figures. 

Isoelectric Point of Prolactin—In an early study of the electrophoresis of 
erystalline prolactin, Shipley, Stern, and White (5) reported an isoelectric 
point of approximately pH 5.6 for native prolactin. Li, Lyons, and Evans 
(3), from mobility studies in the Tiselius apparatus, found an isoelectric 
point of pH 5.70 for highly purified, amorphous prolactin. In a later 
communication (16), the same investigators compared the electrophoretic 
behavior of the lactogenic hormone prepared from sheep and beef pitui- 
taries, and found the two preparations indistinguishable in electrophoresis 
experiments. An isoelectric point at pH 5.73 was reported for both 
products. 

In view of the fact that the published values for the isoelectric point of 
prolactin have been based upon mobility studies in the Tiselius apparatus, 
it has seemed of interest to conduct a determination of the isoelectric point 
by the technique developed by Abramson and his colleagues (17). This 
method is also an electrophoretic one, based upon direct measurement of 
the electrical mobility of microscopically visible quartz particles coated 
with an adsorbed layer of protein. 

For the preparation of the prolactin-coated quartz suspension, solutions 
of crystalline prolactin in acetate and phosphate buffers of various pH 
values and of constant ionic strength (0.1) were used. A small volume of 
quartz suspension was then added to each of the prolactin solutions and the 
mixtures allowed to stand approximately 15 minutes. ‘The measurements 
were carried out in a modified Northrop-Kunitz cataphoresis cell (18) 
at 25°. The data obtained are plotted in Fig. 5. From the data, the 
isoelectric point of prolactin appears to be between pH 5.65 and 5.70. This 
finding is in good agreement with the previously published isoelectric 
point values of pH 5.6 (5), 5.70 (3, 4), and 5.73 (16) obtained in the Tiselius 
apparatus. 

Elementary Analysis and Qualitative Tests—Several preparations of 
prolactin have been subjected to elementary microanalysis.* A prepara- 


®§ Elemental analyses by Mr. J. F. Alicino, who employed the Dumas method for 
total nitrogen. All nitrogen values have been checked by the authors, employing 
the micro-Kjeldahl procedure. 
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tion of highly purified, amorphous prolactin obtained from Dr. Schwenk 
has also been quantitatively examined for its elementary composition, 
The data obtained are presented in Table II, together with similar data 
obtained by Lyons. 

It will be seen that the elementary composition of the prolactin prepa- 
rations differs in some respects from the data reported in the preliminary 
communication (1), particularly with regard to the nitrogen content. The 
rather good analytical agreement among various preparations, taken to- 
gether with the results of the bioassays, is further indication that these 
prolactin products are very similar to one another.?® 


S 
O i 
oO 
-i5r 


4.0 5.0 6.0 70 8.0 
pH 


Fic. 5. The electric mobility of quartz particles covered with prolactin in acetate 
and phosphate buffers of constant ionic strength (0.1). The isoelectric point is be- 
tween pH 5.65 and 5.70. 


The crystalline preparations and the purified amorphous products give 
the usual protein color test (biuret, xanthoproteic, Millon’s, and Hopkins- 
Cole). The labile sulfur test is positive. Qualitative tests for phosphorus 
and for carbohydrate are negative. The nitroprusside test is negative. 
After reduction of a 1 per cent solution of prolactin with an equal volume of 
5 per cent sodium cyanide, a weak but definitely positive nitroprusside 
reaction is obtained provided that cyanide reduction is permitted to pro- 


® This conclusion is further supported by the similarity of other types of data, 
e.g. electrophoretic and ultracentrifugal, which have been obtained in comparative 
studies with a prolactin preparation kindly supplied by Dr. Schwenk. Unpublished 
studies of certain physiological properties of prolactin preparations obtained from 
several laboratories also indicate that these products are very similar. 
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ceed for approximately 2 hours at room temperature. Under comparable 
conditions, insulin was found to give a strongly positive sulfhydryl test 
within 5 minutes after the addition of the cyanide. 

Tyrosine, Tryptophane, and Cystine Content of Prolactin—It has been 
reported (19) that highly purified prolactin gave a negative Millon’s test, 


TABLE II 
Elementary Composition of Various Prolactin Preparations 


All values are calculated on an ash- and moisture-free basis and are measured in 
per cent. 


or _ Carbon Hydrogen Nitrogen Sulfur | Ash 
| | | 
Purified 52.04 | 7.01 | 16.84 2.05 | 0.59 
Crystalline 51.81 81 16.49 2.03 0.50 
Prolactin «61.10 


| 
16.61 1.98 0.72 
| 


51.40 = | 16.09 2.24 Negligible 
White, Catchpole, and 51.11 | 6.76 14.38) 1.77 | 
Li, Lyons, and Evans (4). | | 1.79 | 


Each of the anebytionl for thoue preparations represents the average 
two determinations. 
+ Private communication from Dr. Lyons. 


TaBLeE III 
Tyrosine, Tryptophane, and rinses Content of Beef Prolactin 
Preparation Tyrosine | Tryptophane Cystine 
Purified amorphous prolactin................ 5.64 | 1.30 | 3.32 
| 5.50 | 1.27 3.41 
1.30 | 
Li, Lyons, and Evains (22) 5.73 1.31 | 
Fraenkel-Conrat / 3.0 


All values: were on an ash- basis. 


indicating the absence of tyrosine. On the other hand, a positive qualita- 
tive test for this amino acid has been reported (1) with crystalline prolactin 
preparations and also with highly purified products (20, 21). Moreover, 
the presence of tyrosine in prolactin has been clearly demonstrated by 
quantitative analysis (4, 22) and by ultraviolet absorption spectrum 
studies (6). | 
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Both crystalline and highly purified, amorphous prolactin prepared from 
whole beef pituitary glands have been analyzed for tyrosine and trypto- 
phane by the micromethod of Folin and Marenzi (23). In view of the 
absence of carbohydrate in prolactin, no modifications in the original 
procedure of those authors were employed. Cystine was determined in an 
HCl-formie acid hydrolysate (24) by the method of Sullivan and Hess 
(25). The results of these analyses are shown in Table III, together with 
some analytical data from the literature. 

It will be seen that the values obtained for the tyrosine, tryptophane, and 
cystine content of prolactin are in good agreement for the two preparations 
employed. The tyrosine value found confirms that reported for beef 
prolactin by Li, Lyons, and Evans (4, 22). The tryptophane content of 
prolactin found in the present investigation is essentially the same as that 
found (1.31 per cent) by Li, Lyons, and Evans (22), employing Lugg’s 
modification (27) of the method of Folin and Ciocalteu (28). More re- 
cently, however, these same investigators have reexamined prolactin for its 
tryptophane content (4) and report a value considerably higher (2.5 per 
cent) than that initially obtained (22). The higher value is attributed to 
the fact that it has been obtained by a glyoxylic acid method (29) which 
does not require digestion of the protein, whereas the Lugg method orig- 
inally employed for the determination of tryptophane involved an alkaline 
digestion which may result in some destruction of the tryptophane. 

It is the opinion of the authors that Shaw and McFarlane (29), who have 
studied the glyoxylic acid method in some detail, have not established that 
destruction of tryptophane occurs either under exactly the conditions of 
hydrolysis described by Folin and his colleagues (23, 28) or in the procedure 
employed by Lugg (27). According to Lugg, tryptophane estimations 
require correction for 3 per cent loss if stannite has been included in the 
alkaline hydrolysis, or 6 per cent when alkali alone has been used. Brand 
and Kassell (30) in a careful and a thorough study of the photometric 
determination of tryptophane, tyrosine, diiodotyrosine, and thyroxine, 
based on the procedure developed by Lugg from the Folin-Ciocalteu 
method, have suggested that no correction factor is required for the 
tryptophane content of alkaline hydrolysates of proteins. In view of these 
observations, the considerably lower tryptophane values for prolactin 
reported in the present paper, as contrasted to those of Li, Lyons, and 
Evans, cannot be attributed to destruction of this amino acid during 
alkaline hydrolysis of the protein. Rather, the disagreement appears to be 
based on the use of methods employing incompletely as contrasted to 
completely hydrolyzed proteins. 

The cystine value found for prolactin is slightly higher than that re- 
cently reported by Fraenkel-Conrat (26). A eystine content of 3.36 per 
cent accounts for approximately 45 per cent of the total sulfur of prolactin. 
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Effect of pH and Heat on Prolactin Activity—Prolactin has been reported 
(21) to be relatively thermostable when heated in a boiling water bath for 
1 hour at pH 7.0 to 8.0, and less stable at other pH ranges. In view of the 
fact that the possible presence of other proteins in the prolactin prepara- 
tions previously employed and the use of relatively concentrated protein 
solutions may have markedly affected the degree of hormone destruction, 
the heat stability of highly purified prolactin in dilute solutions of different 
hydrogen ion concentration has been studied. 

Solutions containing 0.04 per cent of amorphous prolactin (30 I.v. per 
mg.) were heated in a boiling water bath for 15 and 30 minute periods at 
pH values over the range 1 to 13. The desired pH values were obtained 
with 0.01 N HCl and 0.01 N NaOH in suitable proportions. 5 ml. of the 


TABLE IV 
Effect of pH and Heat on Prolactin Activity 


Total dose injected for bioassay* 
ly | 10 y | 100 y 

min. | | | 
1 15 + | + | + 
30 0 | + | + 
3 15 + | + | + 
30 Q 0 + 
7 15 + 
30 0 0 + 
a) 15 + + | + 
| 30 | 0 0 | + 
1] 15 | 0 + + 
30 | 0 0) + 
13 15 | 0 0) + 
30 | 0 0 0 


* + indicates positive response, active; 0 indicates negative response, inactive. 


protein solution were employed for each experiment. At the end of the 
heating period, each sample was cooled immediately to room temperature, 
neutralized to approximately pH 7, made to a total volume of 10 ml., and 
subjected to bioassay at a total protein level of 1, 10, and 100 y. The 
2 day “‘local’’ method of Lyons and Page (9) was used in these experiments. 
The results are shown in Table IV. 

Even though the minimum effective dose has not been determined in 
these bioassays, it is evident that prolactin, under the conditions employed, 
is quite stable to heat in 0.04 per cent solutions of pH 1 to 9 when the 
heating is carried out for 15 minutes in a boiling water bath. At higher pH 
values there is a considerable loss of biological potency. With a 30 minute 
heating period, there is a definite destruction of prolactin activity at all pH 
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values, the effect again appearing to be most marked at pH 13. It would 
appear, therefore, that prolactin may be classed as a heat-labile substance; 
this is in harmony with the protein nature of the hormone. The destruc- 
tion observed in the present experiments might find explanation in the 
splitting of labile sulfur and in a significant degree of hydrolysis. 

Hydrolysis of Prolactin by Acid—50 mg. of amorphous prolactin (30 1.v, 
per mg.) were boiled for 18 hours with 20 per cent hydrochloric acid. After 
filtration and neutralization of the hydrolysate, no evidence of biological 
activity could be obtained, even though assays were conducted at a dose 
level approximately 400 times (based on the original protein concentration) 
that required to produce a positive response by the unhydrolyzed prolactin, 

Hydrolysis of Prolactin by Pepsin—In view of the preceding experiment, 
hydrolysis of prolactin was carried out with proteolytic enzymes in an 
effort to correlate the rate of hydrolysis of the protein with alterations in 
biological activity. A solution of 50 mg. of amorphous prolactin (minimum 
effective dose intradermally, 0.5 7) dissolved in slightly less than 10 ml. of 
0.1 N HCl and a solution of 2 mg. of granular pepsin, 1:10,000 (Wilson 
Laboratories), dissolved in 5 ml. of 0.1 N HCl were kept in an incubator at 
37° for 15 minutes. At the end of this time, 0.5 ml. of the pepsin solution 
was added to the prolactin solution, and the total volume made to 10 ml. 
with 0.1 N HCl. After mixing, three 0.5 ml. samples were taken, two to be 
used for the determination of non-protein nitrogen and the third for pro- 
lactin assay. Similar samples were taken at 1, 2, and 3 hours digestion 
time. 

The aliquot taken for assay was neutralized and then made slightly alka- 
line (pH 7.5) with 0.1 N NaOH and allowed to stand for 15 minutes in order 
to stop enzyme action. The solution was then made to a suitable volume 
and bioassayed. 

The other two aliquots were each treated as follows: 0.5 ml. of 10 per 
cent trichloroacetic acid was added and, after precipitation was complete, 
the mixture was filtered and the precipitate washed twice with 1 ml. por- 
tions of 5 per cent trichloroacetic acid solution. The combined filtrate 
and washings were digested and the total nitrogen determined by the 
procedure of Koch and McMeekin (31). The final color density was 
determined in the Evelyn photoelectric colorimeter (32), with a 520 my 
filter. The amount of nitrogen in the unknown sample was determined 
from a standard curve made with solutions containing known quantities of 
pure ammonium sulfate. The increase in the non-protein nitrogen served 
as an index of the rate of digestion of the protein. The data obtained, 
together with the bioassay results, are presented in Table V. 

After 3 hours incubation time, approximately 48 per cent of the total 
protein had been digested by pepsin. At the end of 2 and of 3 hours of 
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digestion, nearly half of the nitrogen of the protein remained in a form 
sufficiently complex to be precipitable by trichloroacetic acid. If this had 
been unaltered prolactin, there was a sufficient quantity present to give a 
positive prolactin response. From the complete absence of such response, 
even at the highest dose level tried, it may be inferred that destruction of 
the biological activity of prolactin by pepsin takes place relatively early in 
the proteolytic process, in any case before decomposition into compounds 
that are not precipitable by the trichloroacetic acid. In a control experi- 
ment, prolactin dissolved in 0.1 N HCl and allowed to remain at 37° for 4 
hours showed no decrease in biological activity. 

Hydrolysis of Prolactin by Trypsin—50 mg. of prolactin (as above) were 
suspended in 3 ml. of water. The protein was dissolved with the aid of 


TABLE V 
Rate of Digestion of Prolactin by Pepsin or Trypsin As Correlated with Alterations in 
Biological Activity of Hormone 


Pepsin Trypsin 
Per cent | Per cent | 
Time | original pro-| Bioassay, total dose levelt Time original pro-| Bioassay, total dose levelt 
tein digested* 
hrs. Y hrs. | | 
0) 0 It 10t 100t 0 | 100t 
29 0.7 7t 70t | 0.5 15 | 8f | 
2 40 0.6 6 


*Non-precipitated by 10 per cent trichloroacetic acid solution. 
t All dosages, with the exception of those at 0 time, were calculated from nitrogen 
analysis. 
t Active, i.e. positive prolactin response. All other assays were negative at the 
dose levels indicated. 


dilute 0.1 N NaOH and then neutralized to approximately pH 7.8. 2 ml. 
of S6rensen’s phosphate buffer (pH 7.8) were then added and the volume 
made to 5 ml. with water. <A trypsin preparation (Fairchild) was dis- 
solved in the same phosphate buffer and was made up to contain 1 mg. of 
trypsin per ml. Both solutions were incubated at 37° for 20 minutes. 
1 ml. of the trypsin solution was then added to the prolactin solution, the 
volume made to 10 ml. with water, and the solution mixed. Samples were 
taken for analysis and for bioassay at intervals for 3.5 hours. In order to 
stop further tryptic action, each sample on removal was immersed in a 
boiling water bath for 1 minute, cooled rapidly, and diluted to a convenient 
volume for assay. Non-protein nitrogen was determined on each of two 
aliquots as has been described in the pepsin experiments. 
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The results obtained are shown in Table V; the data are similar to those 
obtained with pepsin. At the end of 3} hours digestion time, 49 per cent 
of the total protein was no longer precipitable by 10 per cent trichloroacetic 
acid solution. The bioassay results demonstrate that, although after 2 
and after 33 hours digestion time nearly half of the nitrogen of the protein 
remained precipitable by 10 per cent trichloroacetic acid solution, there 
was a complete absence of prolactin response. Thus, as in the pepsin 
experiment, destruction of physiological activity occurs before there has 
been a complete hydrolysis of the protein into fragments which are no 
longer precipitated by trichloroacetic acid. 

The data on peptic digestion resemble those of Fisher and Scott (33) on 
insulin. ‘These investigators noted that insulin activity was rapidly de- 
stroyed by pepsin and that hypoglycemic potency decreased even more 
rapidly than the rate of hydrolysis of the protein. The present digestion 
experiments likewise point to the identity of the hormone and the protein 
and would seem to eliminate the possibility that the biocatalytic action of 
prolactin can be attributed to the presence of a particular component or 
constituent of the protein hormone molecule. 


Comment 


The excellent method devised by Lyons for the extraction of prolactin 
from pituitary tissue led subsequently to the preparation of highly purified, 
amorphous preparations of this protein hormone. Indeed, detailed studies 
in two laboratories now appear to offer strongly suggestive evidence for the 
homogeneity of prolactin preparations obtained by the Lyons technique, or 
slight modifications thereof. The preparation of a crystalline product 
from highly purified, amorphous prolactin also indicates the high degree of 
purity of the amorphous material. ‘This is further supported by the fact 
that crystallization doés not significantly enhance the biological activity. 

All of the data obtained in the present study, together with other pub- 
lished investigations, confirm the protein nature of prolactin. The physio- 
logical activity of the hormone is evidently a function of the intact protein 
as a whole and is not due to a particular component or constituent of the 
prolactin molecule. The solution of the problem of why prolactin exhibits 
this particular type of biological activity may of necessity have to wait for a 
more intimate understanding of the structure of proteins which do not 
contain the now recognized types of prosthetic groupings. 

The preparation of a pure protein hormone of the anterior pituitary will 
be of considerable aid in elucidating the complex physiology of this endo- 
erine gland, and the rate of progress in this direction will be greatly 
accelerated as each additional anterior pituitary secretion is made available 
in a purified and homogeneous state. It is naturally of great interest to 


I 
d 
t 


| 

| 

| 

| 

| 

lf 
7 


WHITE, BONSNES, AND LONG 463 


determine whether the prolactin preparations now available exhibit any 
other type of physiological activity which has been attributed to anterior 
pituitary extracts. Details of such physiological studies will be reported 
at a later date. 


Acknowledgment is made to Miss Hilda B. Ritter for assistance in 
conducting the bioassays. 


SUMMARY 


From a highly purified amorphous preparation of beef prolactin it has 
been possible to prepare a crystalline protein with a lactogenic activity 
very similar to that of the amorphous product. The homogeneity of this 
protein is indicated from three types of studies, (1) electrophoresis, (2) 
ultracentrifugation, and (3) solubility measurements. 

The following additional data are also presented for prolactin: sedi- 
mentation constant, diffusion constant, approximate molecular weight, 
isoelectric point, elementary analysis, tyrosine, tryptophane, and cystine 
content, heat stability at various pH values, and alterations in biological 
activity occurring when the protein is hydrolyzed with acid, pepsin, or 
trypsin. The data obtained in this study of prolactin confirm the protein 
nature of this anterior pituitary hormone. 
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THE INHIBITION OF YEAST CARBOXYLASE BY 
SPLIT-PRODUCTS OF N,N-DIMETHYL- 
AMINOAZOBENZEN E* 


By C. J. KENSLER, N. F. YOUNG, ano C. P. RHOADS 
(From the Memorial Hospital for the Treatment of Cancer and Allied Diseases, New 
York) 
(Reeeived for publication, February 5, 1942) 


In a recent report from this laboratory (1), evidence was presented that 
p-phenylenediamine and several of its methyl derivatives strongly inhibit 
fermentation in a washed yeast system in which diphosphopyridine nucleo- 
tide is the limiting factor for activity. The toxicity of the p-phenylene- 
diamine derivatives varied directly with the stability of their free radicals 
as determined by Michaelis, Schubert, and Granick (2) and also varied 
according to the ease with which the compounds are oxidized by the 
apozymase preparation (1). The results of these experiments suggested 
that the inhibition of fermentation was due to the formation of an inter- 
mediary oxidation product of the aromatic p-diamine tested, probably the 
free radical or semiquinone. It appeared, furthermore, that the oxidation 
product inhibited the system by inactivating an enzyme essential to fer- 
mentation by yeast. Finally, an apparent correlation was shown to exist 
between the toxicity of aromatic p-diamines of the type under investigation 
and the carcinogenic potency (for rat livers) of the various methyl! deriva- 
tives of aminoazobenzene which have been tested. The results of the 
experiments of Hashimoto (3) on o-aminoazotoluene and of Stevenson, 
Dobriner, and Rhoads (4) on N,N-dimethylaminoazobenzene indicate 
that both of these compounds are split 7m vivo at the azo linkage, a fact 
which suggests that methylated p-phenylenediamine derivatives are formed 
in the animal from the methylated aminoazobenzene compounds which 
are fed. 

In view of these findings it was thought desirable to extend the study of 
the toxic properties of the p-phenylenediamine derivatives to yeast and 
tissue enzyme systems other than the diphosphopyridine nucleotide 
system previously studied. The experiments herein reported are con- 


* The authors gratefully acknowledge the assistance given by Standard Brands 
Incorporated, and the Jane Coffin Childs Memorial Fund for Medieal Research. 
They also wish to thank Dr. Leonor Michaelis and Dr.S. Granick for the samples 
of the methyl derivatives of p-phenylenediamine and Dr. E. 8. Stevenson for the 
acetyl derivatives used in these experiments and Mr. R. Boynton and Mr. 8. Cohen 
for their assistance. 
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cerned with the effects of these Wurster type compounds on a carboxylase 
system contained in alkaline washed yeast. 


EXPERIMENTAL 


The alkaline washed yeast (No. OF-20, Fleischmann Laboratories) 
carboxylase system used was that described by Ochoa and Peters (5). 

In the main vessel were placed 100 mg. of alkaline washed yeast (No. 
OF-20), 12 y of MnSO,, 845 y of MgCh, 15 y of cocarboxylase, and 10 ¥ 
of thiamine. 5 mg. of sodium pyruvate, pH 6.4, were placed in the side 
arm. ‘The volume was made up to 2 ec. with M/15 phosphate buffer, pH 
6.4. T' = 30°. 

As has been reported for other yeasts, the addition of thiamine was found 
to increase the: decarboxylation of pyruvic acid effected by the strain 
employed in these experiments. The effect on decarboxylation was most 
marked when low cocarboxylase concentrations were used. When high 
concentrations of cocarboxylase were added, thiamine had no stimulating 
effect on the reaction. This finding is compatible with the explanation of 
the thiamine effect offered by Lipton and Elvehjem (6); namely, that the 
reason for the stimulation of activity by thiamine is the combination of 
thiamine with catalytically inactive proteins which are also capable of 
combining with cocarboxylase. The preliminary saturation of these 
molecules with thiamine thus leaves all added cocarboxylase to combine 
with the catalytically active protein. If a large excess of cocarboxylase 
is added, the combination of it with the catalytically inactive molecules 
still leaves enough cocarboxylase free to maintain catalytic function at its 
maximum rate. Therefore, the addition of thiamine at high concentra- 
tions of cocarboxylase should not cause any stimulation of the rate of 
decarboxylation. For the yeast employed, it was found that 10 y of 
thiamine gave a maximum stimulation and this amount was added to all 
manometers. 

The Wurster type compounds were added in the form of hydrochloric 
acid salts in the concentrations indicated in Tables I, I], and IV. 

The washed yeast carboxylase preparation used in these experiments 
was found to be strongly inhibited by several compounds of the series 
studied (Table I). As was found with the diphosphopyridine nucleotide 
system (1), the compounds of the Wurster series which are capable of 
forming stable free radicals were the most toxie and those which form 
very unstable free radicals were non-toxic. Thus, o-methyl-N , N-di- 
methyl-p-phenylenediamine is non-toxic in this system, and it can be 
oxidized to form a free radical which has a stability of only 5 minutes (2). 
However, m-methyl-N , N-dimethyl-p-phenylenediamine is markedly toxic 
in an equivalent concentration and, under the same conditions, is capable 
of forming a free radical of much greater stability; namely, 2 to 3 days. 
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In the diphosphopyridine nucleotide system (1) it was found that the 
toxicity of the compounds tested could be prevented in part if a reducing 
agent such as cysteine, glutathione, or ascorbic acid was added. The 
inhibition by the more toxic compounds of this series, however, was not 
greatly decreased by these reagents. It was also observed in the diphos- 
phopyridine nucleotide system that the colored oxidation products of the 
more toxic Wurster salts were formed in spite of the addition of the re- 


TABLE I 
Inhibition of Yeast Carboxylase-Cocarboxylase System 


5 y of coe arboxylase were added to eae ‘h manometer. 


Compound (concentration, 5 104 m) | F 

N,N, | 85 7 days 
m-Methyl-N, | 75 
N,N’-Dime thy | 67 1 day 
2-Methyl-p-phenylenediamine............................ | 65 | 4-8 hrs. 
edli- | | 

Monoacetyl-p-phenylenediamine......................... | 0 
Monoacetyl-N , | 0 
N,N,N’, 10 


*See Michaelis, Schubert, and Granick (2) 


ducing agents, a fact which probably explains the failure of the reducing 
agents to protect the system. 

In contrast to the findings with the diphosphopyridine nucleotide system 
in which there is much less catalysis of the oxidation of the Wurster type 
compounds by the washed yeast preparation the addition of cysteine and 
ghitathione kept the Wurster type compounds in the reduced state, and 
prevented their inhibition of the carboxylase activity (Table I1). In this 
system, as well as in the diphosphopyridine nucleotide system, the forma- 
tion of an oxidation product of the reduced compound is essential to secure 
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a toxic effect. Also in support of this assumption is the fact shown for the 
diphosphopyridine nucleotide system that the acetylation of p-phenylene- 
diamine and of the N,N-dimethyl derivative renders them non-toxie by 


Il 
Typical Experiment Showing Effect of Addition of Cysteine on Toxicity 


15 7 of cocarboxylase were present in each experiment. 


Compounds added (concentration, 5 X 10 4m) | Cysteine added 
ms c.mm 
N,N-Dimethyl-p-phenylenediamine 0 27 
o-Methyl-N, N-dimethyl-p-phenylenediamine............. | 0) 150 
m-Methyl-N , N-dimethyl-p-phenylenediamine 0 33 
III 
Effect of Cysteine on Decarborylation of Pyruvic Acid | 
Experiment No. Cocarboxylase added Cysteine added CO» produced in $ hr. 
me. comm. 
1 | 3 | 28 
| | 0.1 32 
3 | 0.2 39 
3 0.3 | 
3 0.8 00 
2 | 15 | 122 
| 15 3 237 
3 15 | 126 
15 | 211 
4 15 159 
15 3 
15 13S 
15 3 200 
6 15 119 
15 3 228 
15 3 (Cystine) 110 


stabilizing the reduced compounds and preventing their oxidation under 
the conditions observed. This also held for the carboxylase-cocarboxylase 
system (Table II). 
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The decarboxylation of pyruvic acid by the washed yeast cocarboxylase 
complex used in these experiments, like that reported by Greenberg and 
Rhinehart (7), was stimulated by the addition of cysteine and glutathione 
and was not inhibited by an equivalent amount of cystine (Table ITI). 

It was found that in the diphosphopyridine nucleotide system the 
inhibition by the Wurster type compounds could be prevented by the use 
of higher coenzyme concentrations. The results of the experiments indi- 
cated that the inhibition was caused by a successful competition of an 
oxidation product of the reduced Wurster type compounds with the co- 


TABLE IV 
Effect of Variation of Cocarboxylase Concentration on Per Cent Inhibition 


No. | in $ hr. 
| c.mm. 
I-1 None | 15 202 
2 N,N-Dimethyl-p-phenylenediamine | 15 39 81 
3. None 400 360 
4 N,N-Dimethyl-p-phenylenediamine 400 378 0 
None 3 1300 
2 3 
3 None 15 190 
4 NN 15 38 | ‘80 
5 None | 352 | 
6 N,N | 30 
7 None 60 520 | 
S N,N oOo, ma 
9 None 1000 550 
10 N,N .N’.N’-Tetramethyl-p-phenylenediamine 1000 484 | 12 
111-1 Diphosphopyridine nucleotide* 15 205 
2 *and N,N,N’,N’- | 
tetramethyl-p-phenylenediamine 15 
3 N,N 15 52 75 


* The concentration was 1 mg. per 2 ec. instead of 5 K 10°‘ mM as elsewhere. 


enzyme for an enzyme protein which requires the coenzyme to complete 


‘its catalytic function. 


In the experiments with carboxylase-cocarboxylase it was also found 
that a variation (Table IV) in the coenzyme concentration could alter 
profoundly the degree of inhibition of the system. At a cocarboxylase 
level of 15 y the addition of N,N-dimethyl-p-phenylenediamine (5 X 
10-1) completely inhibited activity. The addition of 400 y of cocar- 
boxylase under the same conditions prevented the inhibition by the 
N ,N-dimethyl-p-phenylenediamine. In the diphosphopyridine nucleotide 
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system the oxidized forms of the Wurster salts were reduced when fermenta- 
tion proceeded. In this carboxylase system the colored oxidation products 
of the Wurster salts were not reduced when the high concentration of 
cocarboxylase was added. Hence, in the carboxylase system the high 
concentration of cocarboxylase prevented the inhibition in the presence of 
the oxidation products of the Wurster type salts. In the diphospho- 
pyridine nucleotide system this point was obscured by the fact that when 
fermentation began the Wurster type salts were reduced. 

The addition of large amounts of diphosphopyridine nucleotide to the 
carboxylase-cocarboxylase system did not prevent the inhibition of this 
system by the Wurster type compounds (Table IV). Conversely, the 
addition of large amounts of cocarboxylase to the fermenting system in 
which diphosphopyridine nucleotide was the limiting factor did not prevent 
the inhibition in that system. In each case the variation of the concen- 
tration of the limiting coenzyme significantly altered the magnitude of 
the inhibition, whereas the variation in concentration of the non-limiting 
or non-functioning coenzyme was without effect on the magnitude of the 
inhibition. 

DISCUSSION 


In both the diphosphopyridine nucleotide fermenting system (1) and | 
the yeast carboxylase-cocarboxylase system several methylated aromatic 
p-diamines which are capable of forming stable free radicals (2) were mark- 
edly toxic. In each case the toxicity was associated with the formation 
of colored oxidation products from the reduced diamines. In each case 
the magnitude of the inhibition was found to vary inversely with the 
concentration of the limiting coenzyme. Thus, at low concentration of 
coenzyme the inhibition was nearly 100 per cent; at high concentration of 
the coenzyme the inhibition approached zero. Only variation in the 
concentration of the limiting coenzyme changed the percentage inhibition. 
The variation in the concentration of the non-limiting or non-functioning 
coenzyme in each case was without effect on the magnitude of the in- 
hibition. ~ 

These experiments indicate that there exists in each case a competition 
between the oxidized Wurster salt and the limiting or functional coenzyme 
for the enzymes which require these coenzymes to complete their normal 
catalytic function. The possibility of a direct combination with an inac- 
tivation of the coenzymes is ruled out by the fact that only a variation of | 
the concentration of the limiting coenzyme in each case has any effect on | 
the magnitude of the inhibition. If a direct combination with the co- | 
enzymes occurred, one would expect the addition of either coenzyme in 
large amounts to protect each system. This was not found to be the case : 
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(Table 1V). ‘These results indicate that the effect of the Wurster type 
salts is due to an inactivation of the catalytically active protein. 

The fact that in equivalent concentrations the Wurster salts are not non- 
specific enzyme poisons (8) suggests the possibility that there is, in the 
sensitive enzymes, some similar molecular grouping susceptible to oxidative 
inactivation, which in each case acts as the active center for coenzyme 
activity. A second possibility is that the presence of excess coenzyme 
stabilizes the catalytically active protein. 

On the basis of the experimental results obtained with the diphospho- 
pyridine nucleotide system and work reported in the literature, it was 
suggested that the oxidation of sulfhydryl groups might be responsible 
for the observed enzyme inactivation. As a part of this indirect evidence, 
it was cited that both alloxan and iodoacetic acid which are known to react 
with sulfhydryl groups also markedly inhibited fermentation. However, 
iodoacetic acid, as has previously been reported (9), and alloxan do not 
inhibit the carboxylase-cocarboxylase system (Table 1). Although this 
does not definitely rule out a sulfhydryl] group effect, it makes it a less likely 
possibility. 

In these experiments with the carboxylase-cocarboxylase, as in the case 
of the diphosphopyridine nucleotide fermenting system, there again is an 
apparent correlation between the toxicity gradient of the Wurster type 
compounds and the carcinogenic potency of the corresponding aminoazo- 
benzene derivatives ((1) Table VIII). 


SUMMARY 


1. The addition of thiamine and cysteine was found to stimulate the 
rate of decarboxylation of pyruvic acid by the yeast carboxylase prep- 
aration used, 

2. Several compounds of the Wurster type series were found to inhibit 
the decarboxylation of pyruvic acid in this system. The toxicity gradient 
paralleled, as in the diphosphopyridine nucleotide yeast fermenting system, 
the ease of formation and the stability of the intermediary oxidation 
products (free radicals). 

3. The addition of reducing agents such as cysteine and glutathione to 
this system prevented its inhibition by the Wurster type compounds. 

4. The experiments indicate that the inhibition is a competitive one. 
The results of the experiments reported added to the results of those 
performed with the diphosphopyridine nucleotide system (1) indicate that 
the coenzymes are not inactivated and that the toxic effect is due to in- 
activation of the catalytically active proteins. 

5. As was the case in the diphosphopyridine nucleotide system, the 
toxicity gradient of the Wurster type salts parallels the carcinogenic 
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potency (rat livers) of the corresponding methyl! derivatives of aminoazo- 
benzene from which they are probably formed in vivo. 
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LIPIDS OF THE FASTING MOUSE 


Il. THE FAT TOWATER RELATION IN THE LIVER AND THE FRACTIONA- 
TION OF THE LIVER PHOSPHOLIPIDS* 


By P. L. MacLACHLAN, HAROLD CARPENTER HODGE, W. R. BLOOR, 
RILEEN A. WELCH, FREDERICK L. TRUAX,t ano J. D. TAYLOR 


(From the Department of Biochemistry and Pharmacology, School of Medicine and 
Dentistry, The University of Rochester, Rochester, New York) 


(Reeeived for publication, January 28, 1942) 


It has been shown recently (1) that the young adult mouse is of especial 
interest as an experimental animal in fat metabolism studies, because, 
under the physiological stimulus of fasting, all the available stored fat is 
mobilized (and metabolized) with great rapidity. The liver of such a 
fasting mouse shows a marked increase in neutral fat and the direct de- 
pendence of this fatty change on the amount of available body fat has been 
established (1). The liver total phospholipids remain constant in per- 
centage despite dramatic changes in other lipid constituents. 

In the present report, data on the liver phospholipids have been obtained 
in greater detail; the lecithin to cephalin ratios have been determined and 
these compounds further fractionated into their a and 8 forms. From 
these findings it has become evident that the constancy in total phospho- 
lipid is a result of compensatory changes in the specific types of phos- 
pholipid present. Quantitative data are also presented on liver total 
lipid and its iodine number, liver water, and liver chloride. In their 
bearing on the general problem of lipid metabolism, the current findings 
on the changes in the liver lipids of fasting mice offer several new lines of 
thought both as to the nature and as to the function of liver phospholipids. 


EXPERIMENTAL 


3 month-old, male, albino mice previously maintained on a diet of oats 
and Purina dog chow were used. ‘The fasting procedure was as previously 
reported (1) except that the temperature was maintained at 25°. The 
mice were killed by decapitation and blood collected for plasma chloride 
determinations (2). The livers were removed quickly, one lobe (the same 
one in each case) was taken for water and chloride (2) determinations, and 
the remainder weighed, placed in 95 per cent ethyl alcohol, and analyzed 
by standard lipid methods for total lipid (3), phospholipid (4), and iodine 


* This work was supported in part by a grant from the Carnegie Corporation of 
New York. 
t Deceased. 
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number (5). The lecithin percentage of the total phospholipid was 
determined by Taylor’s (6) modification of the methods of Beattie (7) 
and of Kirk (8) for choline analysis. Since the sphingomyelin content of 
liver is very small, the lecithin percentage was calculated directly from the 
choline content. The fractionation of the phospholipids into @ and 
forms was carried out according to the procedures of Suzuki, Yokoyama, 
and Nishimoto (9-11). The statistical procedure given by Fisher (12) 
was applied when data for certain group averages were compared to other 
group averages. Differences were considered significant when the prob- 
ability of chance occurrence was not greater than once in 100 trials; 


Results 


Mortality—The mortality rate was much lower than in a previous com- 
parable study (1). Under the conditions of the current experiment no 
mice died until the 4th day of fasting, when a 22 per cent mortality was 
observed. The principal difference in technique of fasting was the main- 
tenance of a higher and more constant room temperature, viz. 25°, whereas 
in the previous study the temperature varied from 18—23°. Such tem- 
perature control may well explain the mortality difference; Chevillard, 
Hamon, and Mayer (13) have demonstrated a marked increase in mor- 
tality with a decrease in environmental temperature. 

Body Weight Loss—The average initial body weights were 20 to 21 gm. 
On fasting, the mice lost weight in an almost linear fashion; the day to day 
average changes were significant in each case. A 31 per cent loss was 
observed by the 4th day of fasting. This value checks exactly the previous 
observation (1). 

Liver Weight Loss—The liver weight, normally 6 per cent of the body 
weight, decreased in a roughly linear fashion to 3 per cent of the initial 
body weight by the 4th day of fasting. This decrease in liver weight 
represents a loss of 48 per cent of the original weight. 


DISCUSSION 


The ability of the young adult mouse to mobilize depot fat has already 
been established (1); in the first 48 hours of fasting, all the available depot 
fat (1.6 gm.) is used and about one-sixth of the body cholesterol (8 mg.) is 
mobilized. From the data in Tables I and II it may be seen that during 
this period the liver total lipid increased markedly (on the average 2- to 
3-fold); thirteen mice had 10 to 15 per cent, three mice had 15 to 20 per 
cent, and one mouse had 23 per cent total lipid (moist liver weight). The 
increase in liver lipid is accounted for by a 4-fold increase in the neutral 


fat fraction. 
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In the previous report, the liver total lipid was found to increase during 
the Ist day of fasting and thereafter to decrease. In the present study an 
increased lipid content was observed on the Ist and 2nd days (Fig. 1). 
The maintenance of high liver lipid values for the 2nd day probably is a 
result of the higher environmental temperatures maintained in this ex- 
periment; the mice lost body heat less rapidly and the metabolic demands 
were not quite so acute. This supposition is also supported by the marked 
reduction in mortality rate. 

The mobilization of the body lipids probably proceeds by a non-selective 
utilization of the available fat (1). The iodine number of the carcass 
lipids has been shown to increase from about 87 to 105; a small increase 
occurs on the Ist day of fasting, and a large increase on the 2nd day co- 
incident with the removal of the last of the mobilizable fat. This increase 
can be accounted for if lipids of average iodine number 80 had been removed 
non-selectively. 

In the present study, the average iodine number of the liver total fatty 
acids falls from about 125 to 115 during the Ist day of fasting (Fig. 1) and 
remains at the latter level until the 4th day, when a marked further de- 
crease to about 90 occurs (Tables I and II). In each case, the decrease 
has a high probability of statistical significance (P < 0.01); this is true for 
the decrease on the 4th day despite the more marked variation in iodine 
numbers as the fasting progressed. 

From the iodine number changes, the state of inanition may be described 
in two phases of liver reaction. During both phases, the liver loses weight, 
in the first phase despite the added neutral fat. In this phase, the newly 
deposited fat produces the decrease in average iodine number which would 
be expected and which has been frequently described when depot fat moves 
into the liver. The second phase differs in that (a) on the 3rd day there 
is a loss of neutral fat with no change in iodine number of the residual lipid 
and (b) on the 4th day there is a further loss of neutral fat with a marked 
decrease in the iodine number. Thus, in the second phase, there is at first 
no evidence of a change in the saturation of the residual lipids, but later, 
when only phospholipid remains, there is a marked decrease in iodine 
number as if the phospholipid fatty acids were exchanged for more satu- 
rated acids. In line with the mass of evidence already accumulated on 
the structural lipids, particularly phospholipids, the removal of metabolic 
lipids from the carcass would be expected to leave lipids which ‘‘contain 
characteristically the more highly unsaturated acids’”’ (14) and the trans- 
port of the metabolic lipids to the liver would lead to a gradual decrease in 
iodine number of the liver lipids (Sinclair (15)). 

The concept of two kinds of processes in the succession of changes in the 
fasting liver is also borne out by studies of the water and chloride contents. 
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t In pooled samples, the average mg. of total liver phospholipid were used in calculating the phospholipid fractions in percentages, 
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The liver water decreases about 7 per cent of its normal value in 1 day, 
remains nearly constant at that level for the 2nd day, and then rises regu- 
larly to an approximately normal value by the 4th day (Fig. 2). The 
entrance of neutral fat on the Ist and 2nd days will account quantitatively 
for the decrease in water content. These decreases were clearly significant 
statistically (? < 0.01) in contrast to the slight decrease observed by 


Fenn (16) in the water content in livers of fasted rats. The liver chloride 
10 
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Fic. 1. The effect of fasting on the liver total fatty acids and their iodine number. 
Total fatty acids increase during 48 hours of fasting; thereafter fall to about half of 
the normal value. The iodine number of the total fatty acids falls gradually during 
the first 3 days and markedly on the 4th day. 


presents a somewhat similar picture; it decreases about 25 per cent of its 
normal value in | day, in the 2nd day drops an additional 25 per cent, but 
thereafter rises to a normal value by the 4th day (Fig. 2). 

When a liver becomes infiltrated with fat, the additional fat is deposited 
intracellularly. Consequently, in each unit of liver volume, there should 
be an increase of cell space at the expense of extracellular space. That this 


decrease in extracellular space occurs can be shown by calculations from 
the data for the first 2 days of fasting. The extracellular space is measured 
by the relation between the liver chloride and the plasma chloride content. 
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The latter was found to decrease from the normal value of about 115 
milliequivalents per liter to 110 to 112 on the Ist day, which level was 
thereafter maintained (Fig. 2). Calculations showed that the ‘‘chloride 
phase”’ of the liver, normally about 26 per cent of the liver volume, de- 
creased on the Ist and 2nd days of fasting to 23 and 21 per cent, respec- 
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Fic. 2. The effect of fasting on liver water content and on the plasma and liver 
chloride levels. Plasma chloride, liver water, and liver chloride contents decrease on 
beginning fasting. Plasma chloride values remain at the lower level during the fast- 
ing period. In contrast, the liver water and chloride contents increase to nearly 
normal values on the 3rd and 4th day. 


tively, and then increased on the 3rd and 4th days to practically normal 
values; viz., 25 and 26 per cent, respectively. Truax (17) has shown that 
the chloride phase is approximately identical with extracellular space; 
thus, the effect of the dilution (by fat) of the liver substance is clearly 
indicated by the decreases in chloride phase in the first 48 hour period. 
The normal values for extracellular volume on the 3rd and 4th days are 
additional evidence that a second phase of liver reaction has been insti- 
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tuted, a phase in which the liver function is not complicated by the presence 
of abnormal amounts of fat. 

Our findings are in line with the hypothesis that when fat is deposited 
in liver cells the consequent cell enlargement results in a diminished extra- 
cellular space per unit liver volume. Fenn (16) found an increase in the 
extracellular space in rat liver after a 48 hour fast. However, he also 
showed that no increase over the normal liver fat percentage occurred in 
this fasting period, a typical behavior according to Best and Ridout (18). 
The increase in chloride space under these circumstances can be related to 
a depletion of glycogen and, in the absence of fat deposition, a shrinking of 
the cells. The decrease in extracellular space in fasted mouse liver must 
therefore represent a resultant of two opposing processes, of which one 
tends to increase extracellular space by glycogen depletion and the other, 
more important in this case, tends to decrease extracellular space by intra- 
cellular deposition of fat. 

The water content of the fat-free liver cells (expressed as gm. of water 
per 100 gm. of fat-free cells) averages 63.2 for normal liver and does not 
differ significantly for the groups fasted 1 and 2 days. On the 3rd and 4th 
days, the averages show a significant decrease to 61 or 62 gm. of water per 
100 gm. of fat-free cells. These data also fit into the hypothesis given 
above, since (a) no change in cell water would be expected if the fat de- 
position diluted cell material without otherwise greatly changing the cell 
water distribution, and since (b) a decrease in cell water content would 
accompany the removal of fat if glycogen depletion had occurred. The 
latter phase may involve a reduction in cell size without a great alteration 


in cell structural components. 


The question of whether “excess’’ neutral fat is a simple diluent of liver 
substance or whether concomitant changes in water occur is not a new one. 
Fenn and Haege (19) have calculated that in cat liver the lipid constituents 
are only diluents and that no water accompanies fat deposition. How- 
ever, they find in recalculating the data of Kaplan and Chaikoff (20) that 
a small but measurable amount of water is ‘“‘associated with the deposition 
of hipid”’ in dog liver. Frequently, in such tests, some severe experimental 
procedure is instituted; e.g., the administration of various poisons to pro- 
duce massive increases in the liver fat content. In the current investiga- 
tion, the liver fat in mice has been caused to vary from 1 to 23 per cent 
(moist liver weight) by an essentially physiological treatment and therefore 
the water to fat relation has special interest. All the evidence which can 


be drawn from these data indicates that, in fasting mice, neutral fat enters 


the liver without disturbing the water relationships in the cells other than 
by dilution. 
The phospholipid concentration in the liver during fasting has been 
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described as “remarkably constant”’ (1); thus, although the average values 
previously obtained varied from 3.67 to 3.04 per cent (moist liver weight) 
in the several groups, there was no significant difference between the aver- 
ages. In the present data, the average phospholipid percentages for the 
normal groups and those fasted 1, 2, and 3 days are even more constant 
(Fig. 3), probably as a result of the greater uniformity of initial body 
weight. The average phospholipid percentages for these four groups fall 


PHOSPHOLIPID CONCENTRATION 
= 
40 
30 
x 
a 
20 
tis LECITHIN: CEPHALIN 
50 
NORMAL | 2 3 


DAYS FASTED 


Fic. 3. The effect of fasting on the liver phospholipid concentration, absolute 
amount, and lecithin to cephalin ratio. The phospholipid concentration is constant, — 
although the absolute amount decreases by half. The lecithin to cephalin ratio re- 
mains unchanged during 4 days of fasting; the ordinate shows the lecithin percentage 
of total phospholipid. 


within the range of 3.16 -+ 0.05. However, for the 4th day the average 
is 2.81 per cent, which is significantly lower than the normal. Even this 
fact can be taken as evidence of the greater uniformity in the mice, since 
a difference of 0.4 per cent is significant in this series, whereas a difference 
of 0.6 per cent was not in the previous series. In general, the liver phos- 
pholipid concentration shows a remarkably limited range of variation 
during fasting. 

In contrast, the amount of phospholipid per liver decreases regularly 
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and significantly from day to day in fasting (Fig. 3). This decrease is 
nearly linear and of such magnitude that the phospholipid is reduced to 
56 per cent of the normal amount by the 4th day of fasting. Since the 
liver weight also decreases linearly in this period to about 50 per cent of its 
original value, the phospholipid concentration remains essentially constant. 

The lecithin to cephalin ratio is also constant (1.38:1.22) during the 4 
day fast. Although the average lecithin percentages of total phospholipid 
decrease from 58 to 55 (Fig. 3), none of the changes (day to day or over-all) 
is statistically significant. 

These three findings, (a) the constancy of phospholipid concentration, 
(b) the loss of half the phospholipid originally present, and (c) the con- 
stancy of the lecithin to cephalin ratio, describe the over-all changes in the 
phospholipids. However, no suggestion is given of the striking changes 
which became evident on determining the amounts of a- and §-lecithin 
and cephalin in these livers. 

A recent report by Yoshinaga (21) on the fractionation of lecithin and 
cephalin has indicated that in a number of normal tissues (rabbit, dog) 
a-lecithin occurs in larger amounts than 6-lecithin (roughly 80:20) and 
that a-cephalin occurs in lesser amounts than 8-cephalin (roughly 15:85).' 
Among others, these tissues include heart, lung, kidney, spleen, muscle, 
and liver. Specifically, the relative amounts of these compounds in the 
ler of normal dogs and rabbits has been reported in percentage of lecithin 


'The reliability of the methods used in the separation of the a and 8 isomers has 
not been studied by independent investigators. Some caution should be used in ac- 
cepting the quantitative data, especially in the light of the findings of Bailly (22) and 
Verkade and associates (23) who demonstrated a tendency for equilibria to be set up 
between the isomers. However,in the data of Tables I and II may be found evidence 
for reasonable faith in the qualitative changes. (a) Although the amounts of total 
phospholipid analyzed vary from 6 to 12 mg. and there is a consistent decrease in the 
average total phospholipid sample with increasing duration of fasting, the standard 
deviations for the data on the amount of each isomer are remarkably constant; viz., 
1.6 to 2.6. This constaney indicates that the over-all procedure was duplicated from 
sample tosample. Furthermore, a series of fractionations was run on aliquots from a 
large pooled sample of mouse liver. Aliquots of total phospholipid were chosen at 
15,12,8,and4mg. Compared to the largest aliquot, the recoveries were within about 
l5 percent of that caleulated for each of the smaller samples. No trend of consistent 
loss or gain in any fraction was observed except for B-cephalin, where a tendency for a 
loss of material amounting to about 0.5 mg. was found. (6) All samples were treated 
alike, vet a marked trend was found; e.g., the consistent decrease in mg. of a-lecithin, 
which seareely could be attributed to isomerism induced by the procedure. (c) 
Finally, whether the separation procedure gives in each fraction a pure isomer cannot 
be rigorously demonstrated at present. However, the amounts given in the various 
fractions are reproducible quantities. This whole study has recently been repeated 
and extended with a general confirmation of the findings of Tables I and IL in respect 
to wand 8 isomer changes during fasting. 
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and of cephalin, respectively, as follows: a-lecithin, dog, 82 to 97, rabbit, 
71 to 103; B-lecithin, dog, 11 to 14, rabbit, 6 to 32; a-cephalin, dog, 11 to 
27, rabbit, 6 to 24; B-cephalin, dog, 75 to 100, rabbit, 70 to 99. Rae (24), 
using an enzymatic hydrolysis, has shown that ox liver lecithin has about 
equal proportions of the a and 8 isomers. No other information is avail- 
able; considerable variation seems to exist, but, in general, a-lecithin and 
8-cephalin are found in preponderance, together constituting a major 
portion of the total phospholipid. 

In normal mouse liver, the distribution of the isomers presents a similar 
picture but the magnitudes of the ratios are different. The relative per- 
centages are as follows: a-lecithin, 63, 8-lecithin, 37, a-cephalin, 42, 
8-cephalin, 58. Expressed as percentages of the moist liver weight, the 
values are as follows: a-lecithin, 1.0, 8-lecithin, 0.6, a-cephalin, 0.6, 8-ceph- 
alin, 0.8. Although a-lecithin and §-cephalin predominate in normal 
mouse liver, their isomers are present in relatively large amounts. 

With fasting, these phospholipids show prompt and significant changes 
in percentages, both absolute and relative. a-Lecithin and §-cephalin 
decrease in a nearly linear fashion to values of 0.5 and 0.3 per cent, re- 
spectively (moist liver weight), by the 4th day of fasting.2 The decreases 
in a-lecithin and 8-cephalin are to about 70 per cent of their original values; 
the day to day decreases are statistically significant in each case. Simul- 
taneously, the isomeric forms, 8-lecithin and a-cephalin, increase to 1.1 
and 1.2 per cent, respectively. The §-lecithin increases to 40 per cent 
above its original level on the Ist day of fasting and thereafter falls regu- 
larly to about 10 per cent above normal by the 4th day. Except for the 
4th day, these increases are all significantly above normal. Although 
a-cephalin does not increase significantly on the first 2 days, significant 
increases are observed thereafter, reaching 25 per cent above normal by 
the 4th day. Thus, on a percentage basis, during fasting, the a-lecithin 
and 6-cephalin decline sharply, and at the same time their isomerit forms 
increase to a level numerically equal to the original a-lecithin and 6-cepha- 
lin levels. 

A clearer insight into what is happening to the phospholipids may be 
gained by examining the amounts in mg. of each isomer per liver in the 
normal and fasted groups (Fig. 4). There are about 12 mg. of e-lecithin 
in a normal mouse liver; by the 4th day of fasting, only 3.6 mg. remain. 
Similarly 6-cephalin decreases from about 10 mg. to 2.4 in the same period. 
In contrast, the amounts of 8-lecithin and a-cephalin vary surprisingly 


- 2? Data are available for only two mice on this day. No statistical comparisons of 
these data with those for other fasted groups have been attempted. However, the 
data are included, since they apparently fall in line with the observations on other 
days. 
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little. Considering these data (Fig. 4), the three findings presented above 
concerning the behavior of the total phospholipid take on new significance. 
(a) The phospholipid concentration is constant because as the liver loses 
half its weight the a-lecithin and B-cephalin almost disappear, but their 
jsomers remain constant or even increase slightly, so that roughly half of 
the original phospholipid remains. (b) The decrease in amount of phos- 
pholipid is traced to the loss in a-lecithin and 6-cephalin only. (c) The 
constancy in the lecithin to cephalin ratio is accounted for by the simul- 


MG.PER LIVER 


N | 2 3 4 N \ 2 3 4 
DAYS FAS TED 


Fic. 4. The effect of fasting on the amounts of the phospholipid isomers in mouse 
livers. In mg. per entire liver, a-lecithin and 8-cephalin decrease in a nearly linear 
fashion during fasting. By contrast, 8-lecithin and a-cephalin tend to remain con- 
stantin amount. ‘The N on the abscissa refers to normal mice. 


taneous and parallel losses of the a form of lecithin and the 8 form of 
cephalin. Calculated on the basis of mg. of the isomers recovered in the 
phospholipid fractionation of samples obtained on the Ist and 4th days of 
fasting, the over-all lecithin to cephalin ratio is constant at 53 per cent 
lecithin. These values check those from the choline determinations within 
the experimental error. 

The prominent differences between the changes in the various phos- 
pholipid isomers are unexpected and difficult to explain. Are these two, 


8-lecithin and a-cephalin, the true “élément constant’? of Mayer and 
Schaeffer? If they are built into the cell structure, how are the iodine 
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number changes described above brought about? Do the structural 
phospholipids of the liver exchange their fatty acids during the metabolism 
of fasting in such a way that the phospholipid molecule continually keeps in 
equilibrium with the fatty acids supplied in the liver without losing its loca- 
tion in the cell structure? Such a behavior is assigned the liver proteins by 
Schoenheimer, Ratner, and Rittenberg (25) in which amino acid residues 
may be removed and replaced apparently without involving the degrada- 
tion and synthesis of entire molecules. The transformation of proteins by 
the exchange of free groups has been suggested by Schmidt, Allen, and 
Tarver (26). Can this doctrine of the “replacement of parts’? also be ap- 
plied to a turnover in the fatty acids and the phospn ite portions of the 
structural phospholipids? 

The a-lecithin and 8-cephalin may perhaps be described as metabolic 
phospholipids (Sinclair (15), Artom, Sarzana, and Segre (27)), because 
they tend to disappear in fasting and presumably owe their normal existence 
to the normal lipid metabolism of the liver. They may also be considered 
as ‘labile’? phospholipids which are drawn on in the emergency of inanition. 
A change from a- to B-phospholipid and vice versa, although it seems un- 
likely, is not beyond the range of possibility. Enzymes capable of hy- 
drolyzing a- and 8-phospholipids have been isolated from liver (28-30). 
If such transformations take place during fasting, it would be even more 
interesting from the physiological point of view. 

The view previously expressed (1) that, “In its lipid distribution the liver 
of the fasted mouse is like the normal liver’’ now requires drastic revision. 
There was no reason to suspect (lacking analyses of phospholipid isomers) 
that the ‘‘remarkable constancy” in the phospholipid percentages was based 
on a complicated balance of losses and gains of certain components. The 
fasted liver is not at all like the normal liver, either in its lipid distribution 
or in its water relationships. However, this abnormality may be turned to 
useful purpose. It 1s possible that, on resumption of feeding, the metabolic 
processes in the fasted liver may differ from those occurring normally. 
Perhaps if such metabolic differences do appear, the a-lecithin and 6- 
cephalin will reveal in their absence part of the function they normally 
perform. Experiments based on this knowledge of liver lipid distribution 
seem to offer many possibilities of gaining new light on the problem of lipid 
metabolism. 


SUMMARY 


1. During the first 2 days of fasting, the 3 month-old, male, albino mouse 
deposits a large excess of neutral fat in the liver; the total lipid doubles or 
trebles in amount. The total fatty acid iodine number decreases imme- 
diately with fasting from 125 to 112, at which level it remains until the 4th 
day, when a further decrease to 91 is observed. 
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2. The plasma chlorides decrease on fasting from 116 milliequivalents 
per liter to 112, which level is maintained. The liver water and chloride 
contents decrease markedly during the first 2 days of fasting, and thereafter 
increase to about their original values. Calculations indicate that the 
neutral fat which enters the liver during the first 2 days of fasting does so 
without disturbing the liver water relationships other than by diluting the 
liver substance. There is evidence that during the 3rd and 4th days of 
fasting some other process obtains, which involves a shift in the extracellular 
to cellular water ratio. 

3. The weight of phospholipid decreases by half during the 4 days of 
fasting. The liver also decreases by half in weight, so that the phos- 
pholipid concentration remains constant over all. The lecithin to cephalin 
ratio is not altered appreciably. 

4. 80 per cent of the a-lecithin and 8-cephalin originally present disap- 
pears in 4 days of fasting. In contrast, the amounts of 8-lecithin and 
a-cephalin remain constant or increase slightly. These changes combined 
will account for the seeming constancy of phospholipid concentration and of 
lecithin to cephalin ratio. ; 
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A POLYSACCHARIDE PRODUCED BY THE CROWN-GALL 
ORGANISM* 


By FLOYD C. McINTIRE, W. H. PETERSON, ann A. J. RIKER 


(From the Departments of Biochemistry and Plant Pathology, College of Agriculture, 
University of Wisconsin, Madison) 


(Received for publication, December 15, 1941) 


In previous studies of the nutrition and carbon metabolism of the crown- 
gall organism, Phytomonas tumefaciens (Smith and Town) Bergey et al., 
it was found that a considerable quantity of unidentified material was pro- 
duced when the organism was grown in synthetic medium (1, 2). Because 
of the pathogenicity of this organism its metabolic products are of special 
interest. ‘The unidentified material has therefore been investigated with 
the result that a polysaccharide has been isolated in apparently pure form. 
This polysaccharide is distinct from the gum produced by this organism 
and studied by Conner et al. (3). It is a major metabolic product and is 
excreted into the medium. Under the conditions employed for growth it 
accounted for 15 to 20 per cent of the sugar metabolized and amounted to 
40 or 50 per cent of the previously unidentified material. This product 
is also of interest because of its relatively low molecular_weight and its 
high degree of solubility in water. The preparation and chemical studies 
of this polysaccharide are presented below. 


EXPERIMENTAL 


Total reducing sugar was determined by the method of Stiles, Peterson, 
and Fred (4). For iodometric estimation of aldoses the procedure of 
Hinton and Macara (5) was used. Carbon analyses on bacterial cultures 
were made by the wet combustion method of Heck (6). Nitrogen was 
determined by a micromethod described by Johnson (7). Optical rotations 
were measured at room temperature with a Schmidt and Haensch 
polarimeter, No. 52b, with monochromatie light. 

Culture and Medium—-The culture, Phytomonas tumefaciens A-6, was 
the progeny of a single cell (8). Its pathogenicity was checked at intervals 
by inoculation of tomato plants and by the subsequent development of 
galls. The synthetic medium contained sucrose 2, urea 0.05, potassium 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. This work has received support through grants from the Inter- 
national Cancer Research Foundation and from the special research fund of the 
University of Wisconsin and has been aided by the personnel in the University of 
Wisconsin Works Progress Administration, Official Project No. 65-1-53-2349. 
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phosphate buffer, pH 7, 0.1, ammonium sulfate 0.1, sodium chloride 0.02, 
ealcium chloride monohydrate 0.01, magnesium sulfate heptahydrate 
0.02 per cent, 5 y of ferric iron as ferric alum, and 2 y of zine as zine sul- 
fate per ml. The iron and the phosphate buffer were sterilized separately 
and added to the medium just before inoculation. 

Although manganese is important for the growth of this organism, the 
medium was not supplemented with this element because it promotes bac- 
terial cell formation at the expense of the metabolic products investigated 
(2). All cultures consisted of 200 ml. of liquid medium in 1 liter Erlen- 
meyer flasks and were aerated by mechanical shaking. Each flask was 
fitted with a 4 inch extension neck and covered with a double layer of six- 
ply, oil-treated air filter tissue. Incubation was at 26° + 0.5° for 5 days. 
At the end of this period approximately 70 to 80 per cent of the sucrose 
was metabolized. 

Isolation of Potysaccharide—For isolation of the polysaccharide, a group 
of 5 day-old cultures was combined (4 or 5 liters) and bacterial cells were 
removed by means of a steam-driven Sharples supercentrifuge. Barium 
acetate was added in slight excess to remove the phosphate and sulfate 
ions. The solution was concentrated to about one-twentieth the original 
volume, and an equal volume of 95 per cent ethanol was added to precipi- 
tate the gum studied by Conner ef al. (3). The precipitate was removed 
by centrifuging, and the supernatant solution was poured with constant 
stirring into either 95 per cent or absolute ethanol sufficient to make the 
final concentration of alcohol at least 90 per cent. The precipitate con- 
sisted almost entirely of polysaccharide. 

It was purified by repeatedly dissolving in water, adding an equal volume 
of alcohol, centrifuging, and pouring the clear solution into enough alcohol 
to make a final concentration of at least 90 per cent. After the second 
reprecipitation any barium present was removed by adding the necessary 
amount of dilute sulfuric acid. After one more reprecipitation any sulfuric 
acid remaining was removed by treatment with barium carbonate. ‘Treat- 


ment with norit was often necessary before a pure white product was ob- | 


tained. In the later reprecipitations, best results were obtained by dis- 
solving the material in water to make a 10 to 20 per cent solution, adding 
alcohol dropwise with stirring until the solution became turbid, and then 
pouring into an excess of alcohol with constant stirring. The highest 
yield of polysaccharide was about 3 gm. per liter of culture. 

Purity of Polysaccharide— Although attempts to crystallize the material 
and its acetate were unsuccessful, there is good evidence that it was es- 
sentially homogeneous and pure. The nitrogen content of most prepara- 
tions was very low (around 0.04 per cent), indicating a negligible amount 
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of protein contamination. Preparations from several different lots of 
cultures showed the same specific rotation. Moreover, this property was 
constant through several reprecipitations with different preparations. 
Fractional precipitation of the material with alcohol and water gave prepa- 
rations with specific rotations between —9° and —10°. 

The acetylated compound also appeared homogeneous. Attempts to 
separate it into different fractions were unsuccessful. 5.25 gm. of acety- 
lated material were dissolved in chloroform and fractionally precipitated 
by the gradual addition of petroleum ether. Properties of the four frac- 
tions obtained are given in Table I. 

From the determination of the diffusion constant (described later) 
one of the scale displacement diagrams was analyzed by the method of 


TaBLe [ 
Results of Fractional Precipitation of Acetylated Polysaccharide 


The material was acetylated with acetic anhydride and dry pyridine at 35° for two 
2 day periods. 


Specific rotation 
Fraction No. Weight Specific rotation Acetyl value* Nitrogen content after 


deacetylation 
em. degrees per cent per cent degrees 
l 0.85 +58.5 41.3 0.03 —12.7 
2 1.70 +58 .3 41.8 0.03 —12.6 
3 1.95 +5S .9 41.8 0.03 —13.1 
{ 0.75 +55.8 41.8 0.02 —13.2 


* This value was determined by treating the acetate with 0.5 N potassium 
hydroxide in 50 per cent methanol for 12 to 24 hours and titrating the excess alkali. 


moments; the points lay either upon or very close to the ideal distribution 
curve. This may be considered good evidence that the material was 
homogeneous. 

Properties and Composition—The best preparation was a white amor- 
phous material which could be ground to a very light powder. The 
material was very hygroscopic, highly soluble in water, quite soluble in 
pyridine, but insoluble in aleohol. Aqueous solutions could be concen- 
trated to clear syrups, and the dry material would dissolve in water almost 
as readily as would sucrose. The material gave no color reaction with 
iodine. It was non-reducing to Fehling’s solution, but iodometric titration 
indicated one free carbonyl group in 30 to 40 anhydroglucose units. This 
may be an indication of some impurity. 

Because of the low molecular weight of this polysaccharide it would be 
difficult to obtain ash-free preparations by electrodialysis. The ash con- 
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tent of most preparations was about 1.5 per cent, nitrogen about 0.04 
per cent. 


Elementary Analysis'—On ash-free basis 
: (CeH300O5)n. Calculated, C 44.8, H 6.2; found, C 45.2, H 6.7 
Specific Rotation—[a]p = —10° (in water, c = 2) 


Hydrolysis and Identification of Sugar Units*—Hydrolysis of the material 
in 1 N HCl at 98° was complete in 80 to 90 minutes and gave yields of 93 
to 95 per cent reducing sugar calculated as glucose. JIodometric titrations 
always indicated that the reducing sugar was 100 per cent aldose. During 
hydrolysis, the specific rotation of the solution slowly changed from —10° 
to between +52° and +53°, the final rotation being calculated on the basis 
of the amount of sugar found by analysis. Qualitative tests for fructose, 
uronic acids, and pentoses were negative. During the hydrolysis samples 
were removed for sugar analysis at various intervals, and, when the amount 
of reducing sugar liberated was plotted against time, a smooth curve was 
obtained. 

As further evidence that glucose was the only sugar present, glucoben- 
zimidazole was prepared by the method of Moore and Link (9) in sufficient 
yield to warrant this conclusion. 1 gm. of reducing sugar (calculated as 
glucose) from the hydrolyzed polysaccharide yielded 1.12 gm. of potassium 
gluconate, and 0.5 gm. of the potassium gluconate yielded 0.41 gm. of 
crude benzimidazole (72 per cent yield). This was recrystallized to give 
0.24 gm. of pure material (42 per cent yield), m.p. 213°, which showed no 
depression of the melting point when mixed with an authentic sample of 
d-glucobenzimidazole. 

In view of the yield of glucobenzimidazole, the iodometric titration re- 
sults, and the specific rotation of the hydrolyzed material, it is highly im- 
probable that any sugar other than glucose was present. The rate of 
hydrolysis and the smooth hydrolysis curve indicate the pyranoside inner 
ring structure (10). The shift in rotation during hydrolysis (from —10° 
to +52°) suggests that 8 linkages predominate. 

Acetylation—1 gm. of polysaccharide was dissolved in a mixture of 20 
ml. of dry pyridine and 20 ml. of acetic anhydride and acetylated under 
different conditions of time and temperature. At the end of the reaction 
period the acetyl derivative was precipitated by pouring the mixture into 
ice water. After several hours the precipitate was collected in a centrifuge 


1 Elementary analyses were made by Mr. William R. Sullivan in the laboratory of 
Professor Karl Paul Link. 

2 Much of the characterization work was done in the laboratory of Professor Karl 
Paul Link of the Department of Biochemistry. To him and to Dr. Robert J. Dimler 
we express thanks for their interest and suggestions. 
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tube, resuspended in water, let stand for 1 or 2 hours, centrifuged again, and 
dried in a vacuum desiccator. It was purified by dissolving in chloroform 
and precipitating with petroleum ether. Two acetylations of the same 
sample at 30° over a 4 day period gave a product with acetyl content of 
41.8 per cent, [a]?> = +58° (in chloroform, ¢ = 1). With two successive 
acetylations at 80° for 24 hours each, the product had an acetyl value of 
44 per cent, [a]? = +57.5° (in chloroform, ¢c = 1). The theoretical 
acetyl value for anhydroglucose triacetate is 44.8 per cent. That there 
was no particular change in the polysaccharide as a result of acetylation 
and deacetylation was shown by the rotation of the regenerated product. 
After the acetyl value was determined, the sample was evaporated under 
reduced pressure to remove alcohol and then made to volume with water, 
and the optical rotation read. The specific rotation was —12° to —13° 
as compared to —10° of the original polysaccharide. 


Elementary Analysis of Acetate— 
(CH;CO)s)n. Calculated. C 50.0, H 5.56 
Found. ** 51.5, ** 5.8; acetyl value 43.7 


Molecular Weight—For the calculation of the molecular weight the 
diffusion constant (Deo), the sedimentation velocity constant (seo), and the 
apparent partial specific volume (V) were determined.? The apparent 
partial specific volume in water was 0.609 for a 1 per cent solution and 
0.617 for a 1.73 per cent solution. These values agree well with figures 
given for other polysaccharides. 

The sedimentation velocity constant was determined by the scale method 
in the standard Svedberg oil-driven, high speed ultracentrifuge (11) at a 
speed of 64,000 R.p.M., with the polysaccharide dissolved in a 1 per cent 
sodium chloride solution. The value of s2o corrected to pure water solu- 
tion was 1.17 & 10-" for a 1 per cent and 1.27 K 10~-" cm. per second per 
unit field for a 0.5 per cent solution of the polysaccharide. 

For the diffusion constant the blurring of a boundary of a 1 per cent solu- 
tion of the polysaccharide in 1 per cent aqueous sodium chloride against 
the salt solution was followed with time by the refractive index method. 
The diffusion constant was determined by the method of areas and maxi- 
mum height of the scale displacement diagrams. The average value of 
several determinations gave Dy = 2.11 em.? per second. When 
the figures s.5 = 1.2 K 10-8, Deg = 2.11 K 10-*, and V = 0.61 are sub- 
stituted in the equation M = RTs/D(1 — Vp), a calculation of the molec- 
ular weight gives 3600 + 200 (T’ = 293°) (11). This value corresponds to 
a molecule which contains 22 anhydroglucose units. 


* These measurements were made under the direction of Professor J. W. Williams 
and Mr. C. F. Vilbrandt of the Department of Chemistry, to whom we are grateful 
for this supervision and for assistance in interpretating data. 
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SUMMARY 


The isolation and characterization of a polysaccharide produced by the 
crown-gall organism are presented. ‘The polysaccharide appeared to be 
homogeneous as judged by analysis of diffusion data and by constant rota- 
tion through reprecipitation and fractionation of both the original material 
([a]> = —9° to —10°, in water, c = 2) and its acetylated product ({a]* = 
+56° to +58.5°, in chloroform, ¢ = 1). Hydrolysis of the polysaccharide 
gave only d(+-)-glucose as indicated by specific rotation, iodometric titra- 
tion, and yield of glucobenzimidazole. A shift in rotation during hy- 
drolysis indicated a predominance of 8 linkages, while the rate of hydrolysis 
and the shape of the hydrolysis curve suggested that the inner ring strue- 
tures were exclusively pyranoside. The molecular weight calculated from 
sedimentation velocity and diffusion constants was 3600 + 200, which 
corresponds to about 22 anhydroglucose units per molecule. 
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FURTHER OBSERVATIONS CONCERNING THE PREPARATION 
AND PROPERTIES OF CATALASE FROM 
DIFFERENT SOURCES 


I CRYSTALLINE LAMB LIVER CATALASE 


Il. PREPARATION OF CRYSTALLINE BEEF LIVER CATALASE BY 
USk OF OR ALCOHOL 


By ALENANDER L. DOUNCE 


(From the Bioche mistry Laboratory, Cornell U niwe rsily, Ithaca) 
tcceived for publication, February Ll, 1942) 


Ll. Crystalline Lamb Liver Catalase 


The crystallization of lamb liver catalase has been mentioned previously 
(1) without a description of the preparation. Lamb liver catalase is more 
difficult to obtain in crystalline condition than beef liver catalase, but is 
more easily prepared than erystalline horse liver catalase. The method 
of preparation is as follows: Mix 300 gm. portions of finely ground lamb 
liver with 400 ce. portions of 40 per cent dioxane, and allow the resulting 
suspension to stand in the tee box overnight. Filter, discard the preeipi- 
tate, and add 15.6 ce. of dioxane to every LOO ce. of filtrate. Allow the 
material to stand in the tee box for about 12 hours and filter.  Diseard the 
precipitate, add 10.3 ce. of dioxane to every LOO ce. of filtrate, and let the 
material stand in the ice box for another 12 hours. Now filter and allow 
the precipitate, which consists of crude catalase, to drain fairly dry. All 
of the above filtrations must take place in the tee box. Sehleicher and 
Schull No. 505 filter paper has been used. 

The precipitate of crude catalase is scraped off the opened filters and ts 
transferred to enough distilled water to make a thin cream. ‘This cream 
is immediately filtered in the ice box and, if the filtrate is muddy, owing to 
the presence of glycogen, a small amount of saliva is added. After hydroly- 
sis of the glycogen a small amount of precipitate which may have formed 
ix filtered or centrifuged off and discarded. ! 

‘In order to avoid exeess dioxane, whieh later on may result in the formation of 
insoluble enzyme ervstals, it is of advantage at this pomnt to adjust the pH of the 
enzyme solution to 7.4 with disodium phosphate, and dialvze against several changes 
of distilled water for 3 to 6 hours, or until spheroids just begin to form. Then filter 
the material and precipitate the catalase by rapidly adding an equal volume of satu- 
rated ammonium sulfate solution with stirring. Let stand in the tee box for an hour, 
centrifuge down the catalase, and dissolve by adding water and several drops of 10 
per cent phosphate buffer, pH 74. The solution should be slightly less than satu- 
rated with respeet to protein. If any precipitate remains, filter or centrifuge, and 
ervstallize the catalase as deseribed in the next paragraph. 
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Now enough dioxane is added to the clear, dark brown solution of catalase 
to make the solution 3.0 per cent with respect to dioxane, and the catalase 
is caused to erystallize by the cautious addition of saturated ammonium 
sulfate solution. Usually one-quarter of a volume of saturated ammonium 
sulfate can be added before crystallization starts, but when this volume is 
nearly reached the ammonium sulfate should be added very slowly, and, 
if a slight permanent clouding should occur, the addition must be discon- 
tinued at once. The catalase is then placed in the iee box and allowed to 
remain there for 1 hour. If any amorphous precipitate has formed, it is 
centrifuged down and discarded. The addition of ammonium sulfate is 
continued, a few drops at a time, until a good crop of crystals has formed, 
siving a very silky appearance on stirring. For this first crystallization, 
usually 2 or 3 days should be taken in order to obtain crystals large enough 


ad 


ae* 
Kig. 1. Lamb liver catalase by dialysis, * 600 


to centrifuge down in a reasonable length of time. These crystals consist of 
very fine needles. If more dioxane than the amount specified is employed, 
the catalase will become denatured. 

To recrystallize, the once crystallized catalase is dissolved in a small 
amount of water and a few drops of 0.5 M phosphate buffer of pH 7.4 are 
added if necessary to complete the solution. Some amorphous precipitate 
which remains is centrifuged down and is discarded. Then either the above 
process of addition of dioxane and saturated ammonium sulfate is repeated, 
or the material is buffered to pH 7.4 and is dialyzed until nearly all of the 
‘atalase has precipitated. This latter procedure yields rounded prisms 
which are shown in Fig. 1. That these are really crystals is indicated (a) 
by the presence of birefringence, (b) by the fairly constant axial ratio and 
uniform internal appearance, (c) by the formation of angles when the 
erystals are dissolved slowly, (d) by the fact that the material has been 
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crystallized as needles previously, and (e) by the fact that similar rounded 
prisms are often obtained upon dialysis of beef liver catalase, usually to- 
gether with forms intermediate between these and the sharp prisms. In 
the case of beef catalase, the solubility behavior of the rounded prisms 
appears the same as that of the prisms with sharp angles. It is likely that 
rounded forms of both beef and lamb catalase are caused by the presence 
of impurity, but the high Kat. f. (30,000) indicates that such impurity must 
be present in small amount. 

If the pH is 5.5 or below at the start of dialysis, lamb catalase precipi- 
tates as fine, amorphous material. 

It is seen from the above discussion that lamb liver catalase can be ob- 
tained as needles and rounded prisms which are similar to the corresponding 
erystal forms obtained from beef liver catalase, but so far the thin plate 
form of crystal (2) has not been obtained. Lamb liver catalase on dialysis 
shows greater solubility than that of beef catalase, but less than that of 
horse liver catalase. 

The Kat. f. values of several samples of once recrystallized lamb liver 
eatalase were found to be about 30,000. The iron content was between 
0.1 and 0.2 per cent, indicating the presence of a small amount of the 
iron-containing impurity, ferritin. No doubt this could be removed by 
careful ammonium sulfate precipitation in the manner employed for horse 
liver catalase (3). Both hematin and the bile pigment-iron complex are 
present in lamb catalase, as shown by treating lamb liver catalase with 
acetone and hydrochloric acid as already described (2). 


II. Preparation of Crystalline Beef Liver Catalase by Use of Acetone or Alcohol 


In the first publication on crystalline beef liver catalase (4) we reported 
that we were unable to obtain the crystalline material using acetone or 
alcohol in place of dioxane. A study of conditions necessary for erystalliza- 
tion has made it possible to employ acetone or alcohol and to obtain crystal- 
line catalase of the same activity shown by catalase prepared with dioxane. 
The new method in which acetone is used is of importance because it is 
relatively cheap and is free from the hazards of the poisonous solvent 
dioxane. Moreover, preparation of crystalline catalase with acetone or 
alcohol shows that the solvent dioxane, heretofore untried in preparing 
crystalline proteins, has no influence peculiar to itself in producing the 
crystallizable enzyme. 

Using acetone, one extracts 300 gm. portions of well ground beef liver 
with 400 cc. portions of 35 per cent acetone, allows the material to stand in 
the ice box for about 12 hours, and then filters. Next, 11.6 ce. of acetone 
are added to each 100 ce. of filtrate and the material is allowed to stand in 
the ice box for 6 to 12 hours. The precipitate is then filtered off and dis- 
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carded. Finally, one adds 15.9 cc. of acetone to every 100 cc. of this second 
filtrate and allows the material to remain for another 12 hours in the ice box, 
Then the precipitated catalase is filtered off in the cold and is allowed to \ 
drain fairly well. All of the above filtrations must take place in the ice box. 
The precipitate of crude catalase is scraped up with a spatula and is dis- 
solved in sufficient water to give a thin cream. One now filters and adds 

id 
saliva if necessary to hydrolyze glycogen. If not enough water has been 
used, the catalase may partly crystallize on the filter paper, resulting in 
marked loss of enzyme. The catalase solution is now dialyzed at about 
pH 5.7. To obtain this pH, as much saturated potassium dihydrogen 
phosphate is added to the solution of catalase as is necessary. ‘The crystals 
obtained at the end of about 48 hours, usually of the thin plate type (2), 
are centrifuged down and are recrystallized in the usual manner. 

With alcohol, the same process is repeated except that one substitutes 
alcohol for acetone. Here the yield is much lower, as is also the purity of 
the first crude catalase precipitate. Moreover, much catalase is found in 


l. 
2. 
3. 
4. 


TABLE | 
Analysis of Crystalline Beef Liver Catalase 


Method of preparation | Kat. f. | Iron 
per cent 


higher and lower fractions precipitated with alcohol. In this connection 
it should be pointed out that dioxane precipitates the enzyme sharply, 
acetone somewhat less sharply, and alcohol much less sharply. In faet, 
it is only owing to the extreme case of crystallization of beef liver catalase 
by dialysis in the presence of impurities that one is able to obtain any 
crystals at all using the aleohol method. 

It is of interest that once recrystallized beef catalase prepared by the use 
of acetone or alcohol is analytically identical with catalase prepared by the 
original dioxane method, except for a slight amount of iron-containing 
impurity, as shown in Table I. This is not always true when a crystalline 
protein is prepared by different methods. ‘The iron-containing impurity. 
no doubt could be removed by one or two further recrystallizations. Beef 
catalase prepared through use of acetone or alcohol contains both hematin 
and the bile pigment-iron complex (3). 

The highest yield of crystalline beef liver catalase is obtained through the 
use of dioxane. With acetone the yield is satisfactory, but with alcohol 
it is very low. 
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SUMMARY 


The crystallization and properties of lamb liver catalase are described. 
Methods are given for the preparation of crystalline beef liver catalase by 
the substitution of alcohol or acetone for the solvent dioxane, originally 
employed. Catalase prepared by using alcohol or acetone is practically 
identical with that obtained by the dioxane method. 
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AUTOXIDATION OF STEROLS IN COLLOIDAL 
AQUEOUS SOLUTION 


Il. A-CHOLESTENEDIOL-3(8),5, A REARRANGEMENT PRODUCT OF 
7(8)-HY DROX YCHOLESTEROL 


By SUNE BERGSTROM®* ann O. WINTERSTEINER 


(From the Division of Organic Chemistry, The Squibb Institute for Medical Research, 
New Brunswick) 


(Received for publication, January 27, 1942) 


In a recent paper (1) we described the isolation of a new cholestenediol, 
then provisionally named Compound A, from the products which are 
formed on aeration of an aqueous colloidal solution of cholesterol. We 
furthermore showed that this compound is formed from 7(8)-hydroxy- 
cholesterol, which is probably the primary oxidation product, by treatment 
with Girard’s reagent, or merely by boiling with alcohol containing acetic 
acid. The properties of the diol suggested that it was a A®-choles- 
tenediol-3 ,5 which had arisen from the parent substance by an allylic 
rearrangement. Evidence is now presented to show that the provisionally 
assigned structure is correct. 

First we attempted to reduce the compound catalytically or with nascent 
hydrogen to cholestanediol-3 ,5. However, in a neutral medium the diol 
failed to take up hydrogen with any of the catalysts tried (platinum oxide, 
palladium, Raney’s nickel). Treatment with sodium in boiling n-propyl 
alcohol likewise left the compound unchanged. On catalytic reduction 
in acetic acid, on the other hand, 2 moles of hydrogen were absorbed 
rapidly and without recognizable break in the rate after uptake of 1 mole. 
In contradistinction to the starting compound, the reduced product was 
for the most part precipitable by digitonin. Decomposition of the digi- 
tonide yielded a product melting at 110—120°, which had the composition 
CxHysO. Obviously the tertiary hydroxyl group had been reductively 
removed, a reaction not uncommon with allylic sterol alcohols. The 
product could not be purified by crystallization and was therefore subjected 
to the epimerization procedure of Windaus (2) and subsequent separation 
with digitonin, a method which had been used by Schoenheimer and 
Evans (3) for identifying the reduction products from allocholesterol and 
epilallocholesterol. The digitonin-precipitable portion yielded 8-choles- 
tanol (dihydrocholesterol), while from the non-precipitable fraction 
a-coprostanol (epicoprostanol) was isolated. As B-coprostanol is epi- 


* Recipient of a Squibb Research Fellowship, 1941-42, administered by the Ameri- 
ean Seandinavian Foundation. 
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merized to the extent of 90 per cent, whereas 8-cholestanol vields under the 
same conditions only a small amount of its epimer, the original digitonin- 
precipitable fraction must have consisted of a mixture of 6-cholestanol 
and 6-coprostanol. ‘The two 5-epimeric compounds may have arisen, as 
in the case of allocholesterol (3), by the reduction of a 4-5 double bond, 
formed from the 5-hydroxyl group by dehydration. The intermediary 
formation of a A®-compound after saturation of the original double bond, 
though less likely, is not necessarily contradicted by our result, since 
reduction of a 5-6 double bond may also yield as by-products compounds 
with the coprostane configuration at Cs (4). 

The location of the second, non-esterifiable hydroxyl group and of the 
double bond in the new diol was proved by oxidation to the A‘ *®-choles- 
tadienone-3 first prepared by Dane, Wang, and Schulte (5). The chromic 
acid method proved unsuitable for this purpose, no matter whether the 
diol was oxidized as such or after protection of its double bond with bro- 
mine. In either case practically all the material was recovered in the 
neutral fraction, but even after fractionation by the chromatographie 
method no erystallizable products could be isolated. Better success was 
attained with the method of Oppenauer as modified by Kuwada and 
Toyama (6) and by Reich and Reichstein (7), entailing the use of aluminum 
phenolate instead of aluminum (/ert-butylate. The oxidation product was 
identified as A‘ *®-cholestadienone-3 by comparison with a preparation 
made by the method of Dane et al. (5). ‘There was no indication of the 
presence in the oxidized material of the keto aleohol which must have been 
the primary reaction product. The result leaves little doubt that the 
tertiary hydroxyl group in the diol is located in position 5, and that the 
original double bond occupies the 6-7 position. The elimination of the 
tertiary hydroxyl group to form the 4-5 double bond is expected to occur 
under the tendency to form a triply conjugated system after establishment 
of the keto group at C3. 

The possibility that a double bond migration may have taken place 
during the oxidation is extremely remote. Nevertheless it seemed de- 
sirable to adduce additional structural proof by reactions in which the 
3-hydroxyl group was not involved. ‘Thus the elimination of the elements 
of water from C, and C; should lead to A*:*-cholestadienol-3(8), which 1s 
known to be stable in the form of its esters, but so far we have been unable 
to effect this conversion. Boiling with acetic anhydride resulted in partial 
decomposition, and no crystalline product could be isolated. The absorp- 
tion spectrum of the reaction product indicated that it contained a triene. 
Chlorinating agents, on the other hand, left the tertiary hydroxyl group 
intact. The benzoate of the diol was recovered quantitatively after 
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treatment with thionyl chloride in pyridine at 0° (Darzen’s reaction), 
while at elevated temperature (70-80°) partial decomposition took place. 
Phosphorus oxychloride in pyridine, used successfully by Butenandt, 
Schmidt-Thomé, and Paul (8) for the dehydration of tertiary hydroxyl 
groups at Cj7, likewise left the ester unchanged. ‘The inertness of the diol 
benzoate towards thionyl chloride is surprising in view of the behavior of 
the diacetate of a-cholestanetriol-3 ,5,6, which could be smoothly converted 
into A‘-cholestenediol-3 ,6 diacetate by the Darzen reaction (9). This 
difference in reactivity suggests that the two compounds may carry the 
5-hydroxyl group in opposite steric arrangement. 


EXPERIMENTAL 


Compound A was prepared by rearrangement of 7(8)-hydroxycholesterol 
with boiling alcohol containing 10 per cent of acetie acid, as described in 
our previous paper (1). Various modifications, such as increasing the 
proportion of acetic acid, or substituting hydrochloric acid for the latter, 
were tried, but in most cases the yield did not approximate that given by 
the original procedure. Since purification by recrystallization leads to 
considerable losses, the reaction product was acetylated, adsorbed in 
pentane solution on aluminum oxide, and eluted as described for the 
separation of the chromogen fraction of autoxidized cholesterol (1). 
Saponification of the fractions with [a], > -—100° and crystallization 
from methanol yielded Compound A, melting at 137—138°. 

Hydrogenation 186 mg. of the diol were dissolved in 5 ee. of glacial 
acetic acid and shaken with 20 mg. of platinum oxide (Adams-Shriner) 
in an atmosphere of hydrogen. The uptake of hydrogen stopped after 5 
hours, when 2 moles had been consumed. The filtered solution was diluted 
with ether, washed with sodium carbonate solution and water, and taken 
to dryness. ‘The residue was treated with digitonin (1 gm. in 100 ce. of 
80 per cent ethanol), vielding 600 mg. of digitonide. On decomposition 
of the precipitate with pyridine 135 mg. of a crystalline product melting 
at 110-120° were recovered. The mixture could not be separated by 
fractional crystallization. Analysis showed that it contained only satu- 
rated monohydriec sterols. 


Caleulated. C 83.44, H 12.45 
Found. 1246 


The material was then epimerized (2) by boiling it for 8 hours with 
xylene (25 ce.) and sodium (6 gm.). The resulting product was separated 
in the usual way by means of digitonin. The digitonide (252 mg.) on 
decomposition yielded 58 mg. of colorless needles which after two crystalli- 
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zations from methanol melted at 140—-141°.!. A mixture with 8-cholestanol 
melted at the same temperature. 


Analysis—Ce7H4s0. Calculated. C 83.44, H 12.45 


Found. 63.50, ** 12:38 
= +23° 


The filtrate from the digitonide was brought to dryness and extracted 
with ether. The resulting oil (47 mg.) was dissolved in 20 ec. of benzene 
and adsorbed on a column of aluminum oxide. Elution was effected with 
20 cc. portions of benzene-ether 9:1 and of ether. The ether solution 
yielded 14 mg. of a crystalline material which after recrystallization 
melted at 115-116°. The melting point was not depressed in mixture 
with pure a-coprostanol. 

A nalysis—Ce7H4sO. Calculated. C 83.44, H 12.45 

Found. 1288 

Conversion to A**-Cholestadienone-3— The diol (200 mg.) was boiled for 
12 hours with a mixture of dry benzene (50 ec.) and freshly distilled acetone 
(12 ec.) containing 1.5 gm. of aluminum phenolate (6,7). After the addi- 
tion of ether the solution was washed successively with dilute hydrochloric 
acid, sodium hydroxide, and water, and evaporated to dryness. The 
residue, which no longer gave the Lifschiitz reaction, was dissolved in 
40 ec. of petroleum ether and adsorbed on a column of aluminum oxide. 
Elution with 40 ee. portions of solvents yielded the following fractions: 
Fraction 1, petroleum ether, none; Fraction 2, petroleum ether-benzene 
1:1, 5 mg.; Fractions 3 and 4, benzene, 47, 89 mg.; Fraction 5, benzene- 
ether 1:1, 48 mg.; Fraction 6, ether, 4 mg. Fraction 3 was refluxed for 
3 hours with an excess of hydroxylamine acetate in 90 per cent ethanol. 
The oxime was precipitated with water and taken into ether. The ether 


residue was recrystallized three times from ether-methanol and_ then _ 


melted at 174-175°. 
Calculated. C 81.55, H 10.91, N 3.52 
Fraction 4 was treated with semicarbazide acetate in a similar manner. 
The crystalline product formed after 1 hour’s boiling was filtered off and 
recrystallized from ethanol. It melted at 228-230° with decomposition 
starting at 220°. 
Analysis—C2sHgsON;. Calculated. C 76.45, H 10.32, N 9.56 
Found. 76.43, ** 10.37, 9.79 
€305mu = 45,000 (dioxane) 
20 mg. of the semicarbazone were boiled for 2 hours in 5 ec. of acetic 
acid containing 200 mg. of oxalic acid. The reaction product, isolated by 
ether extraction, was a yellow oil. It was purified by adsorption from 


1 All melting points are corrected. 


<= © RD DPD 


| 
| 
j 
| 
| 
a 
re 


anol 


ected 
zene 
with 
‘tion 
tion 
‘ture 


| for 
tone 
loric 
The 
d in 
xide. 
ons: 
zene 
ene- 
| for 
inol. 
ther 


then 


etic 
1 by 
rom 


S. BERGSTROM AND O. WINTERSTEINER 507 


petroleum ether solution on aluminum oxide. Elution with 15 cc. portions 
of solvents as described above yielded in the second benzene washing 9 mg. 
of crystals; one recrystallization from methanol raised the melting point 
to that of pure A**-cholestadienone-3 (80-81°). €e85m, = 25,000 (ethanol). 

The identity of the oxime, the semicarbazone, and the free ketodiene 
was established by determination of the melting points in mixture with 
pure reference preparations. No depression was observed in any case. 
A‘®-Cholestadienone-3 was prepared from cholesterol dibromide according 
to Dane et al. (5); m.p. 80-81°; fa]??> = +33.4° (chloroform). 

Analysis—C27HwO. Caleulated. C 84.65, H 11.07 

Found. $4.75, 11.21 

The ultraviolet absorption characteristics of this preparation and of its 
semicarbazone checked exactly with those given above for the preparations 
made from A®-cholestenediol-3,5. In the absorption curves published by 
Dane et al. the ordinate values are expressed as logarithms of an undefined 
unit designated EF (molar). Calculated as EH, these values are 40,000 at 
280 mu for the ketodiene in dioxane and 115,000 at 308 mu for the semi- 
carbazone in the same solvent. If EF (molar) should be represented by 
2.303 X e, the corresponding values of & would be 17,400 and 50,000, 
which are in better agreement with our measurements. 


SUMMARY 


The new cholestenediol recently isolated from the products formed by 
autoxidation of cholesterol in colloidal solution has been shown to possess 
the structure of a A®-cholestenediol-3(8),5. Its precursor is in all prob- 
ability 7(8)-hydroxycholesterol, from which it is formed in vitro by allylic 
rearrangement under the influence of acid. 


The analyses reported in this paper were carried out by Mr. J. F. 
Alicino of Fordham University. 

We are greatly indebted to Dr. N. H. Coy of the Biological Labora- 
tories of I. R. Squibb and Sons for the ultraviolet absorption measure- 
ments. 
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DISTRIBUTION OF ISOTOPIC NITROGEN IN AZOTOBACTER 
VINELANDII 


By R. H. BURRIS* 


(From the Department of Biochemistry, College of Physicians and Surgeons, and the 
Departments of Botany and Chemistry, Columbia University, New York) 


(Received for publication, February 12, 1942) 


The nitrogen metabolism of rats fed a variety of compounds labeled with 
N has been extensively investigated by Schoenheimer and Rittenberg (1) 
and their associates. Tew studies are reported, however, in which plants 
or bacteria have been used. Vickery, Pucher, Schoenheimer, and Ritten- 
berg (2) have studied the nitrogen metabolism of the tobacco plant with 
N, Burris and Miller (3) indicated the applicability of N as a tracer 
in biological nitrogen fixation. By furnishing a non-equilibrium mixture 
of Ne molecules of mass 28, 29, and 30 to Azotobacter vinelandii, they estab- 
lished that N'* and N" were fixed indiscriminately and that no exchange 
reaction occurred between molecular nitrogen and fixed nitrogen in the 
culture. 

Application of the stable isotope of nitrogen, N, should clarify many 
problems in biological nitrogen fixation. The present communication, 
dealing with the distribution of the isotope among nitrogenous compounds 
formed by Azotobacter vinelandii from N*™ supplied as molecular nitrogen, 
isan example of such an application. 


EXPERIMENTAL 


Azotobacter vinelandii cultures were grown in Burk’s (4) nitrogen-free 
medium with 2.5 per cent sucrose. These liquid cultures were incubated 
at 30° and aerated vigorously for a period of 18 hours, at which time they 
had fixed approximately 10 mg. of nitrogen per 100 ml. of medium. The 
18 hour cultures were transferred to a closed circuit aerating system (Fig. 1) 
which was arranged to circulate continuously a gas mixture through the 
cultures. The culture bottles were attached by rubber tubing at points / 
and 2. Cotton plugs 3 and 4 served to filter the gas during both the initial 
and final aerations. The entire system was evacuated through stop-cock 
5, and a gas mixture consisting of 40 per cent tank oxygen and 60 per cent 
nitrogen containing 35 atom per cent N® excess was introduced through 
stop-cock 6 until the mercury manometer 7 registered zero vacuum. A 


*Formerly National Research Council Fellow, Department of Biochemistry, 
College of Physicians and Surgeons, and Departments of Botany and Chemistry, 
Columbia University. Present address, Department of Agricultural Bacteriology, 
University of Wisconsin, Madison. 
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dry ice trap 8 prevented mercury vapor from entering the system from the 
manometer. A rubber tube pump 9 of the Urey type, which circulates 
liquid or gas by compression of a section of rubber tubing, circulated the 
gas mixture at a rate of approximately 600 ml. per minute. The gas was 
broken into fine bubbles by an aeration stone /0. Passage of the gas 
through a soda lime tube // removed the carbon dioxide produced by the 
bacteria; at intervals tank oxygen was added through stop-cock 4 to replace 
the oxygen used by the organisms. The culture bottle was kept in a water 
bath at 30°. 


cn 


Fic. 1. Closed circuit aerating system for continuous circulation of a gas mixture 
through bacterial cultures. 


After the oxygen and isotopic nitrogen mixture had been circulated for 
90 minutes, a pinch-clamp at / was closed and the gas was recovered by 
pumping it into an evacuated bulb attached at 6. The culture was placed 
in an ice bath to decrease metabolism, and as quickly as possible the bae- 
terial cells were centrifuged from the medium with a Sharples supercentri- 
fuge driven at 40,000 r.p.m. The centrifuge bowl had been previously 
chilled. The cells scraped from the bowl were transferred to 8 N sulfurie 
acid and quickly heated to boiling temperature. Eight 800 ml. cultures 
were treated in this manner. The average time from the cessation of aera- 
tion to the immersion of the cells in acid was 30 minutes. 
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Cells from the eight cultures were combined and hydrolyzed for 24 hours 
in 8 N sulfuric acid. The humin was filtered off and the sulfate removed 
by the addition of barium hydroxide. Analysis for N“ with a mass spec- 
trometer of the Bleakney type indicated that the total hydrolysate at this 
point carried 0.275 atom per cent N™ excess. Amino acids of the hydroly- 
sate were precipitated with Neuberg’s (5) reagent and the washed precipi- 
tate decomposed with hydrogen sulfide. The solution from the decompo- 
sition of the Neuberg precipitate contained 410 mg. of nitrogen. From this 
solution amino acids and amino acid fractions were separated. 

Arginine-—The amino acid solution yielded 950 mg. of arginine flavianate 
on the first crystallization, which is equivalent to 109.0 mg. of arginine 
nitrogen. ‘The arginine flavianate was recrystallized, and 715 mg. of re- 
erystallized material were decomposed with 10 ml. of cold concentrated 
hydrochloric acid. ‘The flavianic acid was filtered off and the arginine 
solution was diluted, treated with activated carbon, filtered, and analyzed 
for its nitrogen content. ‘The arginine solution, which contained 57 mg. 
of nitrogen, was treated with p-toluenesulfonyl chloride. The p-toluene- 
sulfonylarginine derivative was crystallized four times. The melting point 
observed was 256-257°, correct melting point 256-257°. Nitrogen, found 
16.67 per cent; theory 17.07 per cent. Isotope analysis, 0.185 atom per 
cent N™ excess. 

To 20 ml. of the arginine solution (12.75 mg. of N) derived from the de- 
composition of arginine flavianate 5 gm. of barium hydroxide were added. 
The solution was refluxed for 24 hours while a slow stream of nitrogen 
swept the liberated ammonia into dilute sulfuric acid. This ammonia, 
arising from the guanidino group of arginine, contained 0.212 atom per cent 
N® excess, a value but slightly greater than that for the total arginine 
nitrogen. Calculation indicates that the N” concentration in the orni- 
thine portion of arginine would be 0.158 atom per cent N™ excess. 

“Amide” Nitrogen-—The filtrate from the precipitation of arginine flavia- 
nate was brought to pH 6.5, filtered, and the precipitate washed. After 
solid barium hydroxide had been added to make the filtrate and washings 
alkaline to phenolphthalein, the solution was distilled in vacuo at 35° for 
Z2hours. The ammonia nitrogen liberated (20.4 mg.) was trapped in dilute 
sulfuric acid; this ‘amide’ nitrogen contained 0.325 atom per cent N™ 
eXCESS. 

Dicarboxylic Amino Acids—After the removal of ‘‘amide’’ nitrogen, the 
solution was filtered, and 4 volumes of ethyl alcohol were added to precipi- 
tate the barium salts of the dicarboxylic acids. The precipitate was washed, 
dissolved in water, filtered, and reprecipitated with aleohol. The repre- 
cipitated material was dissolved and the barium was removed with sulfuric 
acid. ‘The solution of dicarboxylic acids (36.4 mg. of N), reduced to 2 ml. 


he 
tes 
he 
‘as 
Tas } 
he | 
ace 
ter | 
| 
a 
| nt 
for | 
ai 
by | of 
ced | 
| 
tri- 
isly | ih 
iric | 
ires 
ra- | ifs 
| 
| [ 


512 N IN AZOTOBACTER VINELANDII 


volume by vacuum distillation, was saturated with hydrogen chloride gas 
to precipitate glutamic acid hydrochloride. After four crystallizations the 
glutamic acid hydrochloride melted at 202—203° with decomposition. Ni- 
trogen, found 7.55 per cent; theory 7.63 per cent. Isotope analysis, 0.500 
atom per cent N? excess. 

The glutamic acid hydrochloride filtrate was freed of hydrochloric acid 
by vacuum distillation. Excess cupric carbonate was added to the boiling 
solution; the hot solution was filtered. Crystals of copper aspartate failed 
to appear even after reduction of the volume of the filtrate to 2 ml., seed- 
ing, and refrigeration for 10 days. Analysis of an aliquot showed 0.376 
atom per cent N excess. 

Histidine—The filtrate and washings from the precipitation of the dicar- 
box yvlic amino acids were treated with sulfuric acid to remove barium, and 
concentrated by vacuum distillation. Basic amino acids were precipitated 
from acid solution with phosphotungstic acid. The precipitate was decom- 
posed with a butyl alcohol-ethyl ether mixture, concentrated by vacuum 
distillation to remove butyl alcohol, and filtered. Histidine was precipi- 
tated as the mercury salt at pH 7.0 to 7.5, refrigerated, filtered, washed, 
and decomposed with hydrogen sulfide. Histidine monohydrochloride 
crystallized from a small volume upon the addition of ethyl aleohol and 
acetone. Isotope analysis, 0.207 atom per cent N® excess. 

Lysine Fraction—The filtrate from the precipitation of the mercury salt 
of histidine contained 12.7 mg. of N containing 0.356 atom per cent N® 
eXCeSs. 

Monoamino Acids—tThe filtrate from the phosphotungstic acid precipi- 
tation was freed of phosphotungstic acid, and copper salts were formed of 
the amino acids in the filtrate. The salts were dried by vacuum distillation, 
desiccated, powdered, triturated several times with small portions of cold 
water, and filtered after each trituration. The water-soluble copper salts 
were again dried by vacuum distillation and desiccation, triturated several 
times with absolute methyl alcohol, and filtered. The three copper salt 
fractions were suspended in weak hydrochloric acid and decomposed with 
hydrogen sulfide. 

From the data of Town (6) it appears that these copper salt fractions 
may contain the following amino acids: water-insoluble, leucine, phenylala- 
nine, tyrosine, and cystine; water-soluble and methyl alcohol-insoluble, gly- 
cine, serine, and alanine; water-soluble and methyl alcohol-soluble, proline, 
hydroxyproline, isoleucine, and valine. ‘The isotopic analysis indicated 
that all three fractions contained about 0.32 atom per cent N* excess. 

A summary of the distribution of N“ and total nitrogen in fractions from 
the Neuberg precipitate is given in Table I. 

Neuberg Filtrate—The filtrate from the precipitation of amino acids with 
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Neuberg’s reagent contained 14.7 mg. of nitrogen; isotope analysis, 0.441 
atom per cent N"™ excess. The precipitate of purines and pyrimidines 
formed with silver acetate contained 0.262 atom per cent N® excess. A 
quantitative ninhydrin reaction indicated that 65 per cent of the nitrogen 
in the filtrate from the silver salt precipitation was a-amino nitrogen. No 
urea was precipitated with xanthydrol. 

Supernatant from Azotobacter Culture—A sample of the supernatant ma- 
terial which was separated from the Azotobacter cells in the centrifuge con- 
tained 0.073 atom per cent N™ excess. 


TABLE 
Distribution of N** and Total Nitrogen in Neuberg Precipitate 
The Neuberg precipitate contained 410 mg. of N before fractionation. 


—— 


| | Per cent 
| | | recovered 
me | 
Arginine... 109.0 26.60 0.185 20.20 
“Amide’’ nitrogen 20.4 , 4.98 | 0.325 6.63 
Glutamic acid... 16.7 4.07 | 0.8500 8.35 
Aspartic ‘‘ fraction 19.5 4.77 | 0.376 7.33 
Histidine . 54.9 13.40 | 0.207 11.38 
Lysine fraction | | 12.7 3.10 0.356 4.52 
H,0-soluble MeQOH-insoluble Cu salts. 19.4 4.73 0.320 6.20 
MeOH-soluble Cu salts ...... 77.2 18.83 0.327 25.15 
Total 362.4 | 88.43 | 
DISCUSSION 


Knowledge of the nitrogen metabolism of nitrogen-fixing bacteria and 
plants is very sketchy because investigators have lacked a suitable means 
of tracing the element after its fixation. Although the results reported in 
this paper do not establish a mechanism for the process, they do afford 
criteria for judging the validity of proposed mechanisms. By halting 
quickly the metabolism of Azotobacter cells which have fixed molecular N™® 
for a short time after an initial period of fixation in air, we have obtained 
organisms in which the N' has not come to equilibrium with the N"™ fixed 
earlier. The levels of N* in the various fractions indicate which of these 
first acquire the nitrogen fixed by the organism, for, unless we accept the 
unlikely assumption that amino acids are formed at a different rate at differ- 
ent culture ages, the level of N™ measures the rate of formation of amino 
acids from recently fixed nitrogen. 
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The traditional view of biological nitrogen fixation assumes that am- 
monia is an intermediate. Of late Winogradsky (7) has strongly cham- 
pioned this scheme, but as Wilson (8) has emphasized, the experimental 
evidence in support is hardly critical. During the past decade Virtanen (9) 
has proposed that biological nitrogen fixation proceeds via hydroxylamine, 
as suggested earlier by Blom (10). Virtanen has provided the only real 
experimental evidence and has greatly extended the details of the mecha- 
nism. He believes that the hydroxylamine combines with oxalacetic acid 
to yield oximinosuccinie acid which is then reduced to aspartic acid. His 
finding that the material excreted from the nodules of inoculated pea plants 
is primarily aspartic acid constitutes at best only indirect support for the 
scheme, since formation of this compound does not necessarily require hy- 
droxylamine as a precursor. His report that he has isolated small quan- 
tities of oximinosuccinic acid from the excretion products provides much 
more impressive evidence, since the formation of this compound involves 
hydroxylamine directly (8). 

What are the relevant data in Table I with respect to these views of the 
mechanism? First it should be noted that glutamic acid apparently occu- 
pies a key position in the nitrogen metabolism of Azotobacter,since it carries 
the highest level of N“ of any compound isolated. It is likely that a-keto- 
glutaric acid accepts fixed nitrogen to form glutamic acid and the latter in 
turn transfers this nitrogen to carbon chains in the formation of other amino 
acids. Second, the réle of aspartic’acid cannot be defined with certainty, 
since no pure derivative could be isolated and analyzed for its isotopie con- 
centration. Although it is impossible to state whether the value 0.376 
atom per cent N® excess found in the aspartic acid fraction represents the 
N® level in the aspartic acid present, it scarcely seems probable that the 
value would be higher, since the chief contaminant in the fraction would be 
glutamic acid with a high N" value. In a separate experiment fractiona- 
tion of a hydrolysate of Azotobacter cells containing 5840 mg. of normal 
nitrogen yielded 1.11 per cent of the total nitrogen as aspartic acid nitrogen 
(copper salt isolated) and 5.54 per cent as glutamic acid nitrogen (hydro- 
chloride isolated). Thus glutamic acid is present in 5-fold greater concen- 
tration than aspartic acid in Azotobacter. Finally, a surprisingly high level 
of N® was found in the Neuberg filtrate, 0.441 atom per cent N" excess. 
In view of this high value it is not unlikely that some intermediate with 4 
very high level of N occurred in small quantities in this filtrate, since one 
would expect the level of N” in any particular compound in this fraction 
to be diluted by the variety of compounds present. 

Although these data certainly do not allow a decision to be made regard- 
ing the plausibility of either the hydroxylamine or ammonia hypothesis, 
certain conclusions are suggested. First, the high level of N™ in glutamic 
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acid might be interpreted as support for the ammonia hypothesis. Vir- 
tanen (11) states that, whereas ammonia reacts with equal rapidity with 
a-ketoglutaric acid and oxalacetiec acid, hydroxylamine reacts much more 
rapidly with the latter. He argues from this that glutamic acid should be 
found in the excreted products if ammonia were an intermediate. Revers- 
ing the argument, one might conclude that finding a high level of N*® in 
both glutamic and aspartic acids results from a-ketoglutarie and oxalacetic 
acids acting as acceptors for ammonia formed as an intermediate. 

The fact that in rats (12, 13) and tobacco plants (2) given N-enriched 
ammonium ion glutamic acid has a consistently higher level of the heavy 
isotope than has aspartic acid likewise suggests that a-ketoglutaric acid is 
the first nitrogen acceptor and that the relatively high level of N in aspar- 
tic acid can be attributed to the much greater speed of transamination to 
oxalacetic acid than to other compounds (14). 

What might be interpreted as conflicting with the ammonia hypothesis, 
however, is the observation that the level of N“ in ‘“‘amide’’ nitrogen is but 
slightly higher than the average for the entire hydrolysate. ‘Tobacco plants 
supplied with ammonium ion enriched with N* possess a higher N" level 
in “‘amide’’ nitrogen than in any other organic fraction isolated (2). The 
same is true of the total carcass of immature rats on a protein-free, am- 
monia-rich diet (12), but not for the “amide nitrogen of protein” from 
mature rats on a normal diet (13). These results, however, do not neces- 
sarily oppose the ammonia hypothesis, since no evidence exists that excess 
ammonia is stored as amide in Azotobacter, as is believed to be the case for 
many plants. Moreover, there is no reason to believe that, in bacteria 
fixing nitrogen under the conditions used here, ammonia would be in excess 
sufficient to require storage in an amide reservoir. It is planned to study 
the ammonia metabolism of Azotobacter by use of N™ ammonia. 

Another possible mechanism was suggested by the work of Oreutt (15), 
who demonstrated that basic non-amino nitrogen in inoculated soy bean 
plants entering the period of active nitrogen fixation was higher than in 
control plants furnished combined nitrogen. He suggested that a com- 
pound containing basic non-amino nitrogen, possibly arginine, was involved 
in the fixation process. Umbreit and Burris (16) fractionated the soluble 
nitrogen compounds in soy bean nodules and found a high level of a com- 
pound which readily lost ammonia in the presence of alkali and was tenta- 
tively identified as arginine. Although arginine nitrogen constitutes more 
than one-quarter of the total amino acid nitrogen in the Azotobacter cells 
studied, the low level of N found in this fraction argues against an “‘argi- 
nine hypothesis” of nitrogen fixation. In rats fed N“-enriched ammonium 
citrate (12) only traces of the heavy isotope were found in the ornithine 
portion of arginine, whereas a level about the same as that in aspartic acid 
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appeared in the guanidino group. Azotobacter synthesizes the complete 
arginine molecule and the N® level of the guanidino nitrogen is but slightly 
higher than that in the ornithine part of the molecule. This observation 
conflicts with an arginine hypothesis which would ascribe particular ae- 
tivity to the guanidino grouping. 

In addition to the observations whose primary significance relates to 
their bearing on the mechanism of the fixation reaction, a few others of 
more general import may be mentioned. The supernatant culture me- 
dium separated from the cells by centrifugation contained 0.073 atom per 
cent N™ excess, a value about one-fourth the N concentration within the 
bacterial cells. Evidently during the 90 minute aeration with molecular 
N*® the nitrogen compounds inside the cells did not come to equilibrium 
with those in the external medium. 

Although our nitrogen fractionation was not primarily designed to pro- 
vide a quantitative nitrogen distribution, the data are nevertheless of 
interest from this point of view. ‘The fractions listed account for 88.4 per 
cent of the total nitrogen. Greene (17) reported nitrogen distribution 
(Van Slyke) on four species of Azotobacter. Azotobacter vinelandii yielded 
the following values for per cent total nitrogen: humin, 15.8, arginine 16.7, 
histidine 0.16, cystine 0.29, lysine 5.1, filtrate amino nitrogen 39.3, and 
filtrate non-amino nitrogen 2.25. Comparison with our values, Table I, 
second column, indicates rather wide discrepancies, especially with regard 
to arginine, ‘‘amide”’ and histidine nitrogen. Since we have isolated 26.6 
per cent of the total nitrogen as arginine, it seems possible that Greene’s 
treatment to remove “amide” nitrogen partially decomposed the arginine 
present, thus giving a low value for the basic nitrogen. The Van Slyke 
distribution evidently did not properly distinguish histidine and lysine. 

It is of particular interest that, of the amino acids and amino acid fraec- 
tions isolated from Azotobacter cells fixing molecular N™, the highest levels 
of the isotope should occur in glutamic and aspartic acids, with low levels 
in arginine and histidine, for when ammonium citrate or amino acids la- 
beled with N® are fed to rats (1, 12, 13) or when ammonium chloride is 
furnished the tobacco plant (2), the highest levels of N“ in the amino acids 
(exclusive of the compound administered) are invariably found in glutamic 
and aspartic acids. Likewise arginine and histidine have low levels of 
N. There thus appear to be striking similarities in the nitrogen metab- 
olism of widely separated biological species metabolizing nitrogen com- 
pounds ranging from molecular nitrogen to amino acids. That glutamic 
and aspartic acids should play important metabolic rdles is quite in har- 
mony with the demonstration by Cohen (14) that these compounds are by 
far the most active amino acids in the process of transamination. 
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SUMMARY 


Azotobacter vinelandii cells supplied with molecular N for 90 minutes 
after an initial period of 18 hours growth in normal nitrogen were fraction- 
ated to determine the distribution of total nitrogen and isotopic nitrogen. 
Arginine and histidine were present in large quantities but carried low levels 
of N*®. ‘‘Amide’’ nitrogen and three copper salt fractions of the mono- 
amino acids gave intermediate values for the N" isotope, whereas the lysine 
fraction was somewhat higher in N®. Among the amino acids, glutamic 
acid and the aspartic acid fraction showed the highest levels of N“™. The 
Neuberg filtrate was high and the extracellular nitrogen of the culture was 
low in isotope concentration. 

The data are discussed in relation to proposed mechanisms of biological 
nitrogen fixation. 
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OCCURRENCE IN NATURAL PRODUCTS OF A PHYSIOLOGI- 
CALLY ACTIVE METABOLITE OF PYRIDOXINE 


By ESMOND E. SNELL, BEVERLY M. GUIRARD, ann ROGER J. WILLIAMS 
(From the Department of Chemistry, The University of Texas, Austin) 


(Received for publication, February 20, 1942) 


Moller (1, 2) first showed that a variety of lactic acid bacteria required 
pyridoxine for growth on a chemically defined medium free of this sub- 
stance. He further showed that the synthetic and the isolated vitamins 
were qualitatively and quantitatively identical in their growth effect on 
these organisms. 

Since these initial findings, several other microorganisms have been shown 
either to require pyridoxine for growth, or to be greatly stimulated by its 
presence under defined conditions. Certain hemolytic streptococci (3, 4) 
belong in this first class, while various yeasts (2, 5) belong in the second 
class. 

While pyridoxine, isolated or synthetic, thus demonstrably promotes 
growth of such organisms in media deficient in this substance alone, it has 
not been generally demonstrated that growth increments obtained on 
addition of tissue extracts to such media are due only to the pyridoxine 
content of the extracts. Such a demonstration is required before an 
organism can be employed for the biological assay of a vitamin. 

Williams, Eakin, and McMahan (6) have recently presented an assay 
method for pyridoxine, based on stimulation of yeast growth, which 
appears specific. Assay values obtained by its use are, however, consid- 
erably lower than assays obtained on corresponding samples by the rat 
growth method of Conger and Elvehjem (7). In an attempt to devise an 
independent microbiological assay for pyridoxine, the response of one of 
the lactic acid bacteria, Streptococcus lactis R, to the vitamin was investi- 
gated. ‘This organism grew luxuriantly through repeated subculture when 
pyridoxine was added to the base medium, but growth failed completely 
in the absence of pyridoxine or some organic extract. Assay of such ex- 
tracts for their apparent pyridoxine content by use of this organism gave 
values which ranged from several hundred to several thousand times 
accepted values for such materials, whether the latter values be obtained 
by yeast growth, rat growth, or colorimetric (8) methods. 

Two explanations present themselves: (a) the organism, in addition to 
responding to pyridoxine, was responding to a substance (or substances) 
present in the extracts which differed from pyridoxine and which either 
greatly surpassed pyridoxine in physiological activity, or was present in 
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considerably greater quantity; or (b) a substance (or substances) is present 
in tissue extracts which, though inactive alone, greatly increased sensitivity 
of Streptococcus lactis to pyridoxine. 

Preliminary fractionation experiments showed this substance responsible 
for the extra response to be closely similar to pyridoxine. ‘Thus on frac- 
tional electrical transport in the apparatus described by Williams (9) the 
active substance migrated to the same cell as did pyridoxine. Both sub- 
stances were adsorbed by fullers’ earth, by charcoal, and by the synthetic 
zeolite Decalso, and elution of both substances was effected by the same 
general procedures. Both substances showed similar stability to acid and 
alkali treatment. 

The experiments described below indicate that this substance is a 
naturally occurring metabolic product which may arise from pyridoxine 
itself, and which far surpasses pyridoxine in physiological activity for 
Streptococcus lactis. 


EXPERIMENTAL 


Testing Procedures—Pyridoxine assays were obtained by the yeast 
growth method (6). The effect of pyridoxine or of the tissue extract factor 
which replaces pyridoxine on Streptococcus lactis R (American Type 
Culture Collection No. 8043) was measured on the medium described in 
Table I. 

Acid-hydrolyzed, charcoal-treated casein for Solution 1 is prepared by 
refluxing 50 gm. of Labco vitamin-free casein with 500 cc. of constant boil- 
ing HCl for 8 to 10 hours. Excess HCl is removed by repeated concen- 
trations in vacuo. The resulting syrup is dissolved in water, adjusted to 
pH 3.0, and shaken for 10 minutes with 1 part of activated charcoal 
(Darco G-60) to 10 parts of solids, and then filtered. 

Assays are carried out in test-tubes. For the standard curve, tubes 
containing from 0 to 3.0 y of pyridoxine are prepared. Various amounts 
of tissue extract are selected by experiment which are approximately 
equivalent in growth effect to these amounts of pyridoxine. All tubes are 
then diluted to 5 cc. with water, and 5 cc. of the base medium added. 
The tubes are plugged with cotton, and then sterilized at 15 pounds of steam 
pressure for 10 minutes. After cooling to room temperature, they are 
ready for inoculation. Cells for inoculum are prepared by transfer from a 
stab culture of the test organism to a tube containing 10 ec. of base medium 
supplemented with 3 y of pyridoxine. This culture is incubated at 30° 
for from 16 to 30 hours before use. The cells are centrifuged out asep- 
tically, then resuspended in 10 cc. of 0.9 per cent NaCl solution. An 
aliquot of this suspension is diluted to barely visible turbidity. 1 drop of 
the diluted suspension is used to inoculate each assay tube. The tubes 
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are then incubated at 30° for a growth period of 16 hours. Turbidities of 
the resulting cultures are determined quantitatively with a suitable thermo- 
electric or photoelectric turbidimeter. 

.For convenience, in this article the substance present in tissue extracts 
(in addition to pyridoxine) which replaces pyridoxine for Streptococcus 
lactis will be expressed in terms of the number of micrograms of pyridoxine 


TABLE I 
Pyridoxine-Free Base Medium for Streptococcus lactis R 


Amount for 50 
| assay tubes 
 Hydrolyzed casein (vitamin-free, charcoal- 
Cystine (hydrochloride).................... 0.1 " 
Water to make........ 500 ce. 
Adenine sulfate... | 100 mg. 
Guanine hydrochloride 100 
Water to make 100 ce. | 
IV | Solution 3 1.0 ee. 
| Thiamine chloride mg. 
Calcium pantothenate | 
Nicotinic acid... l 
Folie acid concentrate*. . 
Water to make... 20.0 ce. 
V Inorganic saltst 


The medium is adjusted to a final pH of 6.8. 
* See Mitchell, Snell, and Williams (10). 
+ Snell and Strong (11). 


to which it is equivalent in growth effect, and will be called pseudopyri- 
doxine. This value is usually sufficiently high so that the actual pyridox- 
ine content of the tissue, which is superimposed in the final growth effect, 
can be neglected in comparison. The figures given for the pseudopyridoxine 
content of a tissue are thus not to be confused with the actual amount of active 
substance present, which is unknown. 
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Sample data from an experiment in which Difco yeast extract was as- 
sayed are given in Table II. 1 gm. is equivalent in growth effect to 16,800 
y of pyridoxine. In contrast, this sample of yeast extract contained 15 y 
of pyridoxine per gm. by yeast assay, while a value of 40 y per gm. for 
another sample of this substance was obtained by Bird et al. (12) by a 
modified Scudi colorimetric procedure. Thus yeast extract is from 400 
to 1100 times as potent in promoting growth of Streptococcus lactis as can 
be accounted for on the basis of its pyridoxine content alone. 

Pyridoxine and Pseudopyridoxine Content of Tissues from Normal and 
Pyridoxine-Deficient Rats—Since, as mentioned earlier, no clear cut sepa- 
ration of pseudopyridoxine from pyridoxine could be effected by fractiona- 
tion of tissue extracts, since electrolysis experiments revealed it to be a base 


TABLE II 
Assay st Pseudopyridozine in Yeast Extract 


Pyridoxine added Yeast extract Pseudopyri- 
| | | | ‘yeast extract 
| | |  equivalenist ] 
Q) 3.0 0 3.0 0.0 | 
0.2 | 9.0 | 10 | 8.0 | 0.15 | 15,000 
0.4 17.0 | 30 | 22.0 0.54 | 18,000 
0.7 29.0 | 50 39.0 | 0.97 | 19, 500 
1.0 40.0 | 100 | 54.0 | 1.48 14, S00 
2.0 61.0 | | | | 
3.0 65.0 


Seve is 100 per cent transmission; a ot 100 i is te opacity, 
+t Cf. italicized material in the fourth paragraph under “‘Experimental’’ for the 
significance of these entries in this and succeeding tables. 


of the same general strength as pyridoxine, and since both substances 
promoted growth of the test organism under the same conditions, it was 
thought possible that the active substance might be metabolically related 
to pyridoxine. 

To test this possibility the following experiment was conducted. ‘Three 
groups of 21 day-old rats were selected. Each group contained six ani- 
mals. Group 1 was placed on the pyridoxine-deficient Ration II of Conger 
and Elvehjem (7). Group 2 was fed the same ration to which were added 
3 y of pyridoxine hydrochloride per gm. Group 3 was maintained on 
Purina dog chow. All rations were fed ad libitum. The average initial 
weight of all animals was 50 gm. After 35 days on the experimental 
rations, animals of Group 1 (low pyridoxine) averaged 93 gm. in weight, 
animals of Group 2 (high pyridoxine) averaged 164 gm., while those in 
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Group 3 (Purina) averaged 166 gm. At this time two animals of each 
group were sacrificed. The brain, heart, kidney, liver, and a portion of 
the leg muscle of each rat were removed. Samples from the two animals 
of the same group were combined in each case, ground finely, and sus- 
pended in dilute acetate buffer (pH 4.5) at a concentration equivalent to 
60 mg. of fresh tissue per cc. 1.2 mg. of papain (caroid) and 1.2 mg. of 
clarase were added per cc. of the tissue suspension, and the mixture incu- 
bated under benzene at 37° for 36 hours. This procedure effectively 


TABLE III 


Comparative Vitamin Content of Rat Tissues from Animals on Low and High 
Pyridoxine Rations 


Group No. Pyridoxine | “pyridekine Biotin 
per gm. | Y | | Per gm. | per gm. 

Ration <0.1 160 >1600 

2 3.0 160 | 

3 0.65 600 920 | 
Brain 0.33 999 3000 9.7 73 

2 3.1 2800 69 

3 0.54 1640 | 3000 | 10.8 | 100 
Heart | 1900 25.0 110 

2 0.56 2040 3600 | 24.0 | 100 

3 0.51 1830 3600 | 25.0 | 130 
Kidney | 0.33 520 1600 24.0 580 

2 0.88 3280 3700 31.0 | 580 

3 0.72 1520 2100 31.0 680 
Liver 0.27 540 2000 31.0 170 

2 0.84 5600 6400 76.0 580 

3 0.62 1520 2500 69.0 | 420 
Leg muscle l 0.31 570 1800 6.8 | 37.0 

2 0.51 1970 3900 6.8 35.0 

3 


0.40 1160 29000 6.3 33.0 


liberates the “bound” vitamins from their combined forms (13). Samples 
were then autoclaved at 15 pounds of steam pressure for 15 minutes, cooled, 
diluted to contain the equivalent of 25 mg. of fresh tissue per ec., filtered, 
and an aliquot of the filtrate used for assays of pyridoxine and pseudo- 
pyridoxine. Since it was thought possible that observed differences in the 
vitamin content of the rat carcasses of Group 1 might reflect only the 
lowered food intake characteristic of animals of this group, the pantothenic 
acid and the biotin in the tissues were checked as a control. These were 
determined by microbiological methods (14, 15). 

The results are given in Table III. Without exception, pyridoxine was 
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lowered in tissues from animals maintained on the pyridoxine-low ration, 
while tissues from animals on the high pyridoxine ration contained more 
of the vitamin than those from animals on the dog chow ration. The dis- 
tribution of pseudopyridoxine paralleled that of pyridoxine; indeed, con- 
siderably greater differences in the same direction occur. It should be 
especially noted that the pseudopyridoxine content of the tissues parallels 
the pyridoxine content of the ration, and not the pseudopyridoxine content 
of the ration. The possibility that this effect is due to the presence of a 
substance not active in the absence of pyridoxine, but greatly increasing 
the sensitivity of the test organism to pyridoxine already present, may be 
disposed of, since doubling the pyridoxine content of any of these extracts 
by addition of synthetic pyridoxine does not change the pseudopyridoxine 
assay value. Similarly, addition of 3 y per gm. of synthetic pyridoxine did 
not raise the pseudopyridoxine assay of the low pyridoxine ration (Table 


TaBLe IV 

Urinary Excretion of Pyridoxine and of Pseudopyridorine by Rats on Different Diets 

| Total | Food Total Total {| Total | Total 

Group No. of | weight of | consumed, | idoxine | ridoxine | pseudo- | _ pseudo- 
No. animals | animals | 24 hrs. | | | | P 

l 2 197 5 | SOU 280 

2 2 340 | 18 | 2,880 1600 


III). On addition of considerably larger amounts of pyridoxine to such 
extracts it is quantitatively recovered, but no sensitization to its presence 
(with consequent recoveries greater than 100 per cent) is observed (ef. 
Table VI). The lowered dietary intake of Group 1 similarly cannot 
account for the lowered pyridoxine or pseudopyridoxine content of tissues 
from Group 1, since in general no such effect was observed in the tissue 
contents of pantothenic acid or of biotin. The lowered content actually 
observed with liver is in line with present conceptions of this organ as a 
site of vitamin storage. 

Excretion Experiments—After 27 days on the experimental rations, rats 
from each group were placed in metabolism cages. Records of food intake 
were kept over the 24 hour period, and the total urinary excretion of 
pyridoxine and of pseudopyridoxiné measured. The results are given in 
Table IV. In no case did the amounts excreted exceed those ingested. 
Again, however, rats maintained on the low pyridoxine ration excreted 
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very little pyridoxine or pseudopyridoxine, while those on the high pyridox- 
ine ration excreted the largest amounts of both substances. Acid or alkali 
hydrolysis of these urines did not raise the assay value for either substance. 
Although animals on the Purina ration ingested 6 times as much pseudo- 
pyridoxine as did those on the high pyridoxine ration, their excretion of 
this substance was only about one-third as high. This again indicates 
that animal passage converts part of the ingested pyridoxine to the more 
highly active (for Streptococcus lactis) pseudopyridoxine. 


TABLE V 


Excretion of Pyridoxine and of Pseudopyridoxine by Male Adult Following 
Administration of Test Dose of Pyridoxine Hydrochloride 


Total Total Ratio, 
t r riadoxine eudo- riaoxine 
hrs. | cc. | | equivalents equivalents 
0 (Control) 34 as 0.82. 320 319 390 
HH. 2.08 1,770 1,770 S50 
1.67 115 U. | 34,000 258,000 | 224,000 6.5 
H. | 43,200 | 273,000 | 230,800 5.4 
| | 
2.67 138 U. | 15,500 173 ,000 157 , 500 10.2 
H. | 17,700 203,000 | 185,300 | 10.5 
6.25 182 U. | 7,300 336,000 328,700 | 45.1 
H. 12,006 380 , 000 368 , 000 30.7 
8&0 148 U. 370 51,800 51,400 139 
H. 1,260 69 600 68 , 400 57 
12.0 16S UL. 270 50, 400 50, 100 186 
1,200 69, O00 67 , 800 | 56.6 
*U. = untreated, H. acid-hydrolyzed. Hydrolysis was carried out with an 


equal volume of 6 N HCI at 115° for 20 minutes (cf. (16)). 


An excretion experiment was carried out on a human male subject along 
lines suggested by recent experiments of Seudi et al. (16). No food was 
taken on the day of the experiment until after its conclusion. The morn- 
ing sample of urine was discarded. 1 hour later, a control sample of urine 
was taken. Immediately thereafter 0.5 gm. of pyridoxine hydrochloridé 
was ingested with 300 cc. of water. Urine samples were taken at intervals 
for assay. The results are given in Table V. Assay values for both 
pyridoxine and pseudopyridoxine were increased by acid hydrolysis. 
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Excretion of pyridoxine was most rapid during the Ist hour, and rapidly 
fell to low levels. The total excretion during the test period was about 15 
per cent of the test dose. This is in good agreement with earlier data 
(16, 17). Excretion of pseudopyridoxine lagged considerably behind that 
of pyridoxine, so that about 40 per cent of the total amount excreted 
appeared from the 3rd to the 6th hour. During the corresponding period 
only 16 per cent of the total excreted pyridoxine appears. ‘This lag is 
better illustrated by the ratios given in the last column of Table V. The 
experiment again indicates that pyridoxine is partially converted by the 
animal body into a product having much greater activity in promoting 
growth of Streptococcus lactis than does pyridoxine itself, and that the 
relative amount of the conversion product present is greater the longer 


TABLE VI 


Recoveries of Added Pyridoxine in Presence of Tissue Extracts by Streptococcus lactis 


Pyridoxine Pyridoxine Pp 


. Pyridoxine Pseudo- | Extra + pseudo- + pseudo- er cent of 
Sample present | — | pyridoxine pyridoxine 
equiva- equiva equiva- 
| | per | ents per 
Urine |.... 0.036 6.6 0.04 6.6 6.64 
| 250 241 257 93.8 
280 2960 | 250 3120 3210 97 .2 
740 0.3 700 740 93.2 
| 0.72 2000 0.3 2000 2000 100 


* Liver I was from an animal of Group 1 (low pyridoxine diet); Liver II was from 
an animal of Group 2 (high pyridoxine diet). 


pyridoxine remains in the body. ‘The fact that such a lag occurs is addi- 
tional evidence that the pseudopyridoxine effect is not due to substances 
which sensitize the organism to unchanged pyridoxine. 

Further evidence on this point is given in Table VI. Urine I was a 
control sample from a second excretion experiment taken before ingestion 
of 0.5 gm. of pyridoxine hydrochloride. Urine II was a sample taken 3 
hours later. Pyridoxine added to these samples or to liver extract samples 
in approximately the amounts already present did not increase the pseudo- 
pyridoxine content above the level calculated to result from such additions. 
It may be concluded, therefore, that the substance designated throughout 
this paper as pseudopyridoxine is not a substance which increases the 
response of the test organism to unchanged pyridoxine already present, but 
is rather a true metabolic product formed from pyridoxine in the animal 
body, and occurring together with pyridoxine in natural extracts of plant 
origin. To account for the data satisfactorily, this product must be con- 
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siderably more active in promoting growth of Streptococcus lactis than is 
the pyridoxine from which it is derived. 

Utilization of Pyridoxine by Streptococcus lactis—The concentration of 
pyridoxine required to promote maximum growth of Streptococcus lactis 
(cf. Table III) is considerably higher than the amount of other similar 
accessory growth substances required by this or by related organisms. 
It seems likely that in the range in which the concentration of an accessory 
substance is the only factor limiting growth, growth failure would result 
because essentially all of that substance had been utilized. This supposi- 
tion was tested as follows in the case of pyridoxine: 


TABLE VII 


Removal of Vitamins by Bacteria from Media at Vitamin Concentrations Limiting 


Growth 
| Turbidity of 
Vitamin added Amount | | original re- 
per 10 cc. | | moved during centrifuging, 
Uninoculated Inoculated growth galvanometer* 
1 
Pyridoxine 0 | 0 | 0 | 5.3 
0.5 | 0.48 0 28.0 
2.0 | 1.8 1.9 | 0 60.0 
Calcium panto- 0 | 0 | 0 | 5.0 
thenate 0.03 | 0.05 | 0 100 25.0 
0.06 $| £40.07 100 38.0 
0.1 0.12 0 100 50.0 
Riboflavin | 0 0) 0 3.2 
0.1 0.095 <0.015 > 47.0 
0.2 0.15 <0.018 | >SS 63.0 
0.3 0.27 <0.034 | >87 75.0 


* Turbidity does not increase in any case after 24 hours incubation. <A reading of 
zero on the galvanometer indicates 100 per cent transmission; a reading of 100 is 
complete opacity. 


To a series of tubes of base medium, pyridoxine was added in the desired 
quantity, with duplicate tubes at each level. The highest quantity of 
vitamin added in each case was just below that required by the organism 
for heaviest growth on the medium. One tube of each pair was then 
inoculated with Streptococcus lactis; the other was reserved as a control. 
Inoculated and control sets were sterilized, incubated, ete., in the same 
manner. After growth had ceased, the cells were centrifuged from the 
culture tubes. Media from all the culture tubes were then assayed for 
pyridoxine, and the amounts remaining after growth ceased compared to 
those present in the uninoculated controls. An exactly similar experiment 
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was carried out in which the concentration of pantothenic acid was the 
factor limiting growth. For this purpose the base medium already 
described was modified by leaving out calcium pantothenate, but adding 
an excess (5 y per tube) of pyridoxine. The organism used was again 
Streptococcus lactis. Finally, a similar experiment was conducted in which 
riboflavin was the limiting factor. Since Streptococcus lactis does not re- 
quire riboflavin for growth, Lactobacillus casei was used. ‘The base medium 
was that used for riboflavin assay (11). At the end of 24 hours media 
from all tubes were assayed microbiologically for riboflavin. ‘The re- 
sults of these experiments are summarized in Table VII. With pantothenic 
acid, as with riboflavin, essentially all of the vitamin was removed from 
the medium before growth ceased. With pyridoxine, no detectable de- 
crease in the concentration of the vitamin occurred as the result of growth. 
This can be rationalized by assuming that the organism transforms only a 
minute amount of the pyridoxine to the more active pseudopyridoxine, 
which is then utilized for growth purposes. According to this view, the 
necessary form of the vitamin for utilization is pseudopyridoxine, rather 
than pyridoxine. Why such a conversion process should cease, and 
growth stop, before any appreciable diminution in the vitamin content of 
the medium can be detected is not clear. The problem is being further 
investigated. 


DISCUSSION 


Evidence presented indicates conclusively that the high activity of 
tissue extracts in promoting growth of Streptococcus lactis on a pyridoxine- 
free medium is due to a naturally occurring, physiologically active metab- 
olite which can be formed from pyridoxine by the animal organism, and 
which for this organism has many times the activity of pyridoxine itself. 
Indeed, the evidence suggests that pyridoxine is transformed to this 
substance before or during utilization. 

Little can be said concerning the activity of this substance for other 
organisms. Several other strains of Streptococcus lactis, as well as certain 
other species of lactic acid bacteria, give similarly high assay values for 
pyridoxine in natural materials. Presumably the added response is due 
to the same substance in all cases. ‘These responses vary from the very 
high values characteristic of Streptococcus lactis to the low values given by 
Saccharomyces cerevisiae. Such variable activity of the product with 
different organisms might explain why, as mentioned earlier, values ob- 
tained by the yeast growth method (6) for pyridoxine appear somewhat 
lower (although of the same order of magnitude) than those obtained by 
animal assay. If one assumes that the product has the same activity for 
yeast as does pyridoxine itself, one may calculate the minimum required 
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activity of the pure product from the ratios given in Table III. These 
would require that pseudopyridoxine be at least 6400 times as active as 
the amount of pyridoxine from which it was derived. Such a product 
would be detectable by its growth effect on Streptococcus lactis at dilutions 
approximating those at which biotin can be detected by this organism. 
This high activity would similarly explain how sufficient pseudopyridoxine 
could be formed from pyridoxine to permit near maximum growth of the 
test organism without removal of appreciable amounts of pyridoxine from 
the medium (Table VII). 

Scudi ef al. (16) have recently detected by chemical means an unidenti- 
fied metabolite derived from pyridoxine in comparatively small amounts 
when animals are fed large doses of pyridoxine. Whether this substance 
is the same as that indicated by the above experiments is not known. 
Certainly the near 85 per cent of a test dose of pyridoxine which is not 
excreted as such by the normal adult leaves room for a variety of unrecog- 
nized metabolic products derived from this substance. 


SUMMARY 


1. A base medium is described which supports luxuriant growth of 
Streptococcus lactis in the presence of synthetic pyridoxine, but upon which 
growth completely fails in the absence of added pyridoxine or of tissue 
extracts. 

2. Use of this medium to assess the pyridoxine content of natural ex- 
tracts yields values several hundred to several thousand times as great as 
ean be accounted for on the basis of pyridoxine actually present, as deter- 
mined by other methods. 

3. Ixperiments not published in detail showed the factor responsible 
for the increased activity to be very similar to pyridoxine in its behavior 
toward adsorbents, eluting agents, acids, and bases, and in its migration 
in an ¢lectric field. 

4. Animal experiments showed that the active agent (provisionally 
called pseudopyridoxine) was greatly lowered in the tissues of pyridoxine- 
deficient rats, and was raised to levels which in some cases were higher 
than those in ‘normal’ animals by feeding synthetic pyridoxine hydro- 
chloride to rats maintained on the same ration. These changes were even 
greater than changes in the pyridoxine content of the same tissues. 

5. This pseudopyridoxine effect was not due to a substance inactive by 
itself but sensitizing the test organism to pyridoxine already present. 

6. Excretion tests on rats showed the pseudopyridoxine content of the 
urine paralleled the pyridoxine content of the ration, and did not parallel 
the pseudopyridoxine content of the ration. The same was true of con- 
centrations in the tissues. 
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7. Excretion of pseudopyridoxine by a human adult following adminis- 
tration of a test dose of pyridoxine was greatly increased. <A time lag in 
the excretion was present, so that the ratio of pseudopyridoxine to pyridox- 
ine present increased as the actual amount of pyridoxine excreted fell. 

8. It is concluded that pyridoxine is converted by the animal organism 
to a metabolite of unknown nature which possesses much greater activity 
for Streptococcus lactis than does pyridoxine itself. This metabolite is 
generally distributed in natural products. 

9. The absorption of pyridoxine by Streptococcus lactis from media in 
which the pyridoxine concentration is the factor limiting growth does not 
occur to any appreciable extent, in contrast to results secured with other 
vitamins under similar conditions. It is suggested that this result is the 
consequence of a necessary conversion of pyridoxine to pseudopyridoxine 
prior to utilization for growth by this organism, 

10. The bearing which variable activity of such a metabolite (as com- 
pared to that of pyridoxine) might have on other bioassays for pyridoxine 
is indicated. 


The authors wish to acknowledge generous financial support by the 
Clayton Foundation of Houston, Texas. 
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AN ACCURATE METHOD FOR THE DETERMINATION OF 
BLOOD UREA NITROGEN BY DIRECT 
NESSLERIZATION 


By CLEON J. GENTZKOW* 
Witrn rue ASSISTANCE OF JOHN M. Masent 


(From the Division of Chemistry and Physics, Army Medical School, Washington) 
(Reecived for publication, February 16, 1942) 


The multiplicity of published procedures for determining urea nitrogen 
in blood is an indication that the ideal method has not vet been found. 
That of Van Slvke and Cullen (1) is accurate but requires 3 ce. of whole 
blood, involves aeration, and is time-consuming. Of equal accuracy is the 
gasometric method of Van Slyke (2), but special apparatus and skill, not 
available in the ordinary clinical laboratory, are required. 

Because of these factors, many simpler methods have been devised, 
usually at the expense of accuracy. In general they depend upon direct 
nesslerization, with or without the use of protective colloids, of blood 
filtrates in which the urea has been hydrolyzed by one means or another. 
While it is recognized by all that the accuracy of these simplified methods 
is not great, their use has been justified on the grounds that the error is 
not clinically significant. Of this type are the procedures proposed by 
Karr (3), Barrett (4), Raices (5), Wrenn (6), Taylor, Haves, and Wells 
(7), Hawk and Andes (8), Naumann (9), Hoffman and Osgood (10), Ohllson 
(11), Sure and Wilder (12), and Hughes and Saifer (13). With reference 
to these methods, Folin (14) has stated: 


“Tt is unfortunate that accurate urea determinations cannot be made by direct 
Nesslerization of hydrolyzed blood filtrates. The reason why this cannot be done is 
not so much due to the insidious turbidities, for these can be largely eliminated by the 
use of gum ghatti, but rather because of the presence of relatively large amounts of 
nitrogenous materials which have a profound effeet both on the quality and on the 
quantity of color which the urea-ammonia gives with Nessler’s reagent.’’ 


The principal sources of error in the direct nesslerization methods, there- 
fore, are turbidity and the difference in quality of color in specimen and 
standard. 

Turbidity is apparently due to the reduction of the complex mercuric 
salt of Nessler’s reagent to mereurous compounds by certain constituents 
normally present in blood, such as creatine, creatinine, urie acid, glucose, 
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etc. These reducing substances cause the development of a greenish pre- 
cipitate in directly nesslerized specimens on prolonged standing. 

To prevent this turbidity, Looney (15) introduced the use of gum ghatti, 
but we have found that the prevention is more apparent than real and 
depends on colloidal dispersion by the gum giving the appearance of a 
clear solution. Upon standing, the same greenish precipitate collects in 
about the same time as in the unprotected solution. Furthermore, the 
addition of the gum decreases the intensity of color by as much as 10 
per cent (see Table 1). 

One of the principal complaints of those using a direct nesslerization 
method is that the shade of color in the unknown differs so markedly 
from that of the standard that when matching is done in a visual colorim- 
eter a certain amount of guesswork is involved. The remark is frequently 
heard that the filtrate appears to be less red than the standard. 

Spectrophotometric study should show the reason for this difference 
in the quality of color, but nowhere in the literature is there any reference 
to such work, probably because of the instability of directly nesslerized 
specimens (Table I). 

In the method to be described, we have stabilized the color and clarity of 
directly nesslerized blood filtrates for a period of at least 1 to 3 hours. 
This permitted the establishment of a narrow band of wave-lengths over 
which color absorption is approximately the same for directly nesslerized 
specimens and for ammonium sulfate standards. 


EXPERIMENTAL 


Early in this study it became apparent that methods previously used 
as standards against which to compare direct nesslerization procedures 
would not be sufficiently accurate and reproducible for our purposes. 
It was necessary to have for reference a method which could be used colori 
metrically to check the quantitative precision of direct nesslerization pro- 
cedures, and one which would serve also as a basis for comparison of the 
quality of the resulting colors. 

In the procedure of Van Slyke and Cullen, 3 ec. of treated whole blood 
are aerated and the collected ammonia determined by titration, with a 
negative error of 1 to 2 per cent, due to incomplete recovery of the am- 
monia. If this method is applied to 5 ec. of blood filtrate (0.5 cc. of blood) 
and the ammonia loss is of the same magnitude, the expected error will be 
about 10 to 12 per cent. When ammonium sulfate solutions, equivalent 
in nitrogen content to 0.5 cc. of blood, and blanks were run by the aeration 
method, the collected ammonia nesslerized, and the blank subtracted, the 
error was found to be exactly of this order. If the blank was ignored, closer 
agreement resulted. The reduction of Nessler’s reagent in the blank ap- 
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pears to be due to substances from the rubber tubing connections which 
persist in spite of the most thorough cleansing. 

Somewhat similar findings were obtained when the simple distillation 
method of Folin and Svedberg (16) was used. Here again fairly accurate 
figures resulted if no blank determination was made, but if the blank was 
deducted, standard solutions gave an error of about —10 per cent. The 
blank in this method was found to be due to the oil used as an antifoaming 
agent as well as to the rubber tubing connections. Compensating for this 
addition of substances reacting with Nessler’s reagent is the loss which 
occurs during the initial stages of the distillation in which about 90 per cent 
of the ammonia comes over. No matter how carefully one attempts to 
regulate the displacement of air from the apparatus, it bubbles through 
the receiving acid rapidly and vigorously, carrying ammonia with it and 
preventing complete absorption as demonstrated by, Miller (17). Only 
when the all-glass steam distillation micro-Kjeldahl apparatus of 
Kemmerer and Hallett (18) was used could the nitrogen from an am- 
monium sulfate solution equivalent in amount to that in 0.5 ec. of normal 
blood (0.05 to 0.075 mg. of N») be recovered with an accuracy of 1 per cent. 

New Distillation Method—The reference method finally adopted, in 
which this apparatus is used, is based on that of Folin and Svedberg and 
upon the semimicro-Kjeldahl method of Redemann (19). The flask and 
condenser are thoroughly swept out with steam from the generator and 
1 ee. of N sulfuric acid plus 10 ce. of water is placed in the distillation 
flask. After the hydrolyzed blood filtrate or the known ammonium sulfate 
solution is introduced into the distillation flask, the burner under it is 
started. Heating of the generator and distillation flask is continued until 
all air has been swept from the apparatus, indicated by cessation of bub- 
bling through the receiver. Alkali, in this instance saturated sodium 
borate solution, is then added to the specimen, liberating the ammonia. 
Since all air has been removed, there is no possibility of loss of ammonia by 
dilution with it or by too vigorous bubbling through the receiving acid. 
Distillation is continued in the usual manner. 

This method was used in all of the succeeding work. Standard solutions 
and blanks were distilled in duplicate with each blood filtrate and only 
when the results agreed within 1 per cent were they used for comparison 
with the corresponding direct nesslerizations. 

Stabilization of Color of Nesslerized Blood Filtrates; Use of Wetting 
Agents--The initial clarification of nesslerized solutions obtained by 
Looney by the use of gum ghatti was probably due to its dispersing proper- 
ties. In the hope of obtaining a more permanent dispersion, a number of 
wetting agents were tried. Among them were Triton NE, Santomerse 
No. 1, Santomerse No. 2, Avitex W, Aerosol OT, Nacconol NR, Duponol 
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ME, and Soricin (sodium ricinoleate). In general these agents were 
similar in their action to gum ghatti. Nacconol NR was definitely superior 
to the others. When combined with potassium persulfate their action was 
somewhat more efficient, but not sufficiently so to warrant inclusion in the 
method finally adopted. 

U’se of Oxidants—Since the turbidity which develops is probably due to 
the reduction of Nessler’s reagent with the formation of insoluble mercurous 
compounds, the use of oxidizing agents suggested itself. Such an agent 
should have an oxidation-reduction potential sufficiently high to prevent 
reduction of the Nessler’s reagent without at the same time oxidizing the 
ammonium salts, the other nitrogenous constituents of the blood filtrate, 
or the Nessler’s reagent itself. 

A large number of oxidizing agents, including persulfates, peroxides, 
hypochlorites, chlorates, and perchloric acid, were tried for this purpose. 
All had some effect in preventing turbidity, potassium persulfate being by 
far the best. However, after its addition color density progressively 
increased. Eventually a reddish sediment of mercuric iodide formed. 
This oxidation of the Nessler’s reagent indicated that the oxidation-redue- 
tion potential of the potassium persulfate was too high for the purpose. 

In an attempt to restrain this action of the potassium persulfate to a 
point where oxidation of the mercuric complex would not occur, salts of 
various organic acids having mild reducing properties were added. A 
number of compounds were tried, including lactates, citrates, maleates, 
phthalates, tartrates, and gluconates. The desired results were obtained 
with the last two, the gluconates being somewhat better than the tar- 
trates. When potassium persulfate and potassium gluconate were added 
to directly nesslerized blood filtrates, the specimens remained clear, with 
no change in color density for a minimum period of 1 hour to a maximum of 
3 hours. The color intensity then gradually increased at about 1 per cent 
per hour. These final reaction mixtures do, however, remain free from 
turbidity for days. 

This stabilization of reaction may be due to the attainment of a proper 
oxidation-reduction potential by the addition of gluconate and persulfate 
or it may be due to the formation of a soluble mercury complex by the 
gluconate, just as tartrate in an alkaline copper solution forms a soluble 
complex. Potassium gluconate alone has considerable stabilizing action 
but eventually the Nessler’s reagent is reduced and a greenish sediment | 
forms. In all likelihood the action is a combination of both of these — 
factors. | 

Analysis of Color Quality in Nesslerized Solutions—-While the addition of 
persulfate and gluconate resulted in a clear reaction mixture which re- 
mained stable in color intensity for as long as 3 hours, it did not affect the 
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difference in shade of color between nesslerized hydrolyzed blood filtrates 
on the one hand and similarly nesslerized ammonium sulfate standards and 
distilled blood filtrate on the other. The increased stability of color and 
clarity of solution, however, did permit spectrophotometric study. From 
the curves so obtained and shown in Fig. 1, the reason for the difference in 
shade becomes apparent. 
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Fic. 1. Speetral transmittance of a directly nesslerized blood filtrate after 


urease hydrolysis compared with the same specimen in which the ammonia was 
separated by distillation and nesslerized. Concentration of urea N, 13.6 mg. per 
100 ec. in both when compared with a standard at 500 mu. A nesslerized ammonium 
sulfate solution equivalent to 15 mg. of N per 100 ce. is shown for comparison. If the 
ammonium sulfate solution were made exactly the same in concentration as the 
distilled specimen, their curves would be exactly superimposed. 


By means of a Coleman photoelectric spectrophotometer, model 10-S, 
with fixed 5 mu slit, the spectral transmittance of a directly nesslerized 
specimen was measured and compared with that of a nesslerized distillate 
of the same filtrate, as well as with a nesslerized ammonium sulfate solution 
of the same ammonia content. Repeated measurements of this kind show 
that transmission curves of distilled and nesslerized blood filtrates are 
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superimposable upon those of equimolar nesslerized ammonium sulfate 
standards. This is evident in Fig. 1 in which the similarity of color content 
in the two solutions is shown by the parallelism existing between them 
when their concentrations differ slightly. 

This identity of curves, however, does not hold for an equivalent amount 
of ammonia in a directly nesslerized blood filtrate. Only between the 
wave-lengths of 490 and 510 mu does the color density of the directly ness- 
lerized' specimen coincide with that of the distilled nesslerized filtrates and 
the standard solutions. Below this narrow band, the directly nesslerized 
filtrates transmit less light than do standards of equivalent ammonia 
concentration. Accordingly, calculations on unknowns, based on com- 
parison with standard solutions at such wave-lengths, vield ammonia 
nitrogen values which are too high. Above this narrow band, the trans- 
mission of the directly nesslerized filtrates is greater than that of the stand- 
ard solutions, and calculations based on the comparative color densities 
at these wave-lengths vield values which are too low. 

Comparisons have been made by other methods at wave-lengths below 
500 mu. For example, a dominant wave-length of 440 my was used by Sure 
and Wilder and Hughes and Saifer, and one of 4830 mu by Hoffman and 
Osgood. That such measurements have an inherent error is evident from 
the graphs in Fig. 1. The curve of the standard solution represents a 
concentration of 15 mg. of urea N per 100 cc. of blood. By calculation 
against this standard as read at 500 my, the concentration of the unknown, 
distilled as well as directly nesslerized, is 13.6 mg. per 100 ce. If, however, 
the comparison is made at 440 muy, the values are 13.8 and 16.76 mg., and at 
430 my, 13.8 and 17.0 mg. per 100 ec., respectively. 

An idea of the magnitude of the errors resulting when unknown directly 
nesslerized blood filtrates are compared with standards at wave-lengths 
other than 500 mz also may be obtained by inspection of Fig. 2. The three 
examples given are typical of the large number of specimens varying in 
concentration from 6 to 75 mg. of urea N per 100 ec. that have been studied 
by this method. 

In each case, the color densities of directly nesslerized and distilled 
nesslerized blood filtrates were measured at intervals over the range of the 
visible spectrum. The calculation of the concentration of the unknown 
was based upon the previously noted finding that the transmission of dis- 
tilled nesslerized filtrates was identical with that of ammonia standards of 
equivalent concentration. Plotting the concentration of nitrogen in 
directly nesslerized filtrates against wave-length emphasizes the great 
variation in results which occurs if the comparison with standards be made 
at wave-lengths other than those centering at 500 mu. 

The values shown in Fig. 2, A were obtained with a Bausch and Lomb 
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Fic. 2. A, the urea nitrogen concentration of two blood specimens as determined 
by the described method of direct nesslerization is compared with that of the same 
specimen in which the ammonia was separated by distillation and nesslerized. The 
readings were made on a Bausch and Lomb visual spectrophotometer. B, a com- 
parison is made of the urea nitrogen of a single blood specimen as determined by 
direct nesslerization and by distillation and nesslerization. The latter is compared 
with an ammonium sulfate standard. The readings were made on an Evelyn photo- 
electric colorimeter with the filters designated. 
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visual spectrophotometer and those of Fig. 2, B with the standard Evelyn 
photoelectric colorimeter in which the wave bands were limited by the use 
of glass filters. In the latter, further verification of the relationships dis- 
cussed under Fig. 1 is shown by the exact parallelism which results when 
the calculated concentration of a distilled nesslerized sample and that of a 
standard solution are plotted against wave-length. 

Although the wave-length at which absorption is the same for both 
directly nesslerized and distilled nesslerized specimens is not always 
exactly at 500 my, it is never below 490 nor above 510 mu. 

From the foregoing presentation, it is obvious that no application of 
Beer’s law to the color of a nesslerized blood filtrate at wave-lengths other 
than those centering at 500 mu can give correct values when the standard of 
comparison is a known solution of ammonium sulfate. When a spectro- 
photometer is used, narrow wave-lengths in this region are easily obtained, 
When, however, a photoelectric colorimeter or a visual instrument is used, 
narrowness of wave band is secured by means of a proper light filter. 
Selection of such a filter involves a certain amount of empiricism, since 
monochromatic filters are neither available nor practicable. Inasmuch as 
filter density increases with selectivity, some sacrifice of narrowness of band 
must be made in order to avoid a density too great to permit sufficient 
light to pass. 

The filter best suited in photoelectric colorimetry is that supplied with 
the Evelyn instrument under No. 490." It is equally satisfactory with 
other photoelectric instruments having sufficient sensitivity to permit full 
scale deflection when inserted in the light path. It may be made by 
assembling in a suitable holder Corning Glass Works standard glasses as 
follows: No. 338 Noviol shade C 2 mm. thick, No. 430 dark shade blue- 
green 2 mm. thick, and No. 503 dark theater blue 5 mm. thick.* 

For visual colorimetry the most suitable one was found to be Wratten 
gelatin filter No. 75. Visibility with this filter is fairly good and the wave- 
lengths transmitted below 490 mu are about balanced by those above 500 mg. 
This filter may be cemented between circular microscopic cover-slips and 
used in the eyepiece of the colorimeter, or between microscopic slides and 


used over the light source in the colorimeter base. Sand-blasting one | 
surface of one of the slides improves diffusion. In either event the blue 


daylight filter must be removed, since it will alter the balance between 
unwanted wave-lengths. 


1 The colorimeter and filters were manufactured by the Rubicon Company, Phila- | 


delphia. 


? The thickness of this element may be reduced to 4 mm. for colorimeters having 


filter disks whose total capacity is only 8 mm. The effective transmission is not — 


changed too greatly thereby. 
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Method 


Reagents— 

» Sodium tungstate, 10 per cent aqueous solution. 

Sulfuric acid, 0.66 N. 

Stock standard nitrogen solution. Dissolve 7.074 gm. of ammonium 
sulfate, A. C.S., in 0.1 N sulfuric acid and make up to | liter. 

Working standard. Dilute 5 ee. of stock solution to 500 ec. with 0.01 
w sulfurie acid (0.015 mg. of N per ec.). 

Potasstum gluconate, 1 per cent aqueous solution. Store in the refrig- 
erator. Make up a fresh solution weekly. 

Potassium persulfate. A 2.5 per cent aqueous solution of the c.p. 
nitrogen-free salt. This solution must be prepared freshly each week and 
kept in the refrigerator at all times. During warm weather remove it 
only long enough to measure out the amount required, for decomposition 
is quite rapid at higher temperatures. 

Urease, Squibb, double strength, powdered. 

Nessler’s solution. The stock solution is the original one of Folin and 
Wu (20), metallic mereury being used (see also (14) p. 337). This Nessler’s 
reagent is superior to that of Koch and Me Meekin (21). The final solution 
differs in that the alkali concentration is 5 instead of 7 per cent. Place 
500 ce. of 10 per cent NaOH in a liter volumetric flask, add 150 ec. of stock 
Nessler’s reagent, and dilute to the mark with distilled water. Allow to 
stand for 3 days before use to permit sedimentation of the small amount of 
precipitate which forms. 

Procedure To 5 ee. of whole oxalated blood add 35 ec. of water, then 10 
to 20 mg. of the urease powder, and shake. The estimated amount may 
be picked up on a knife blade. Let stand at room temperature, which 
must not be below 20°, for 20 minutes. Next add 5 cc. of the sodium 
tungstate solution, mix, and then 5 ec. of the 0.66 N sulfurie acid. Shake 
vigorously, let stand 10 minutes, and filter through a good grade of qualita- 
tive paper. Whatman No. 2is satisfactory. It is not advisable to use the 
double acid-washed papers used in quantitative analysis, since all of these 
have been found to give appreciable ammonia blanks, while the qualitative 
papers give none. After filtration has proceeded for about 10 minutes, 
pour the filtrate back onto the paper. The first portion of the filtrate has 
been found to give greater light absorption when measured with a blue 
filter and also higher values for urea N and non-protein N. 

Place 5 ce. of filtrate in a test-tube graduated at 20 and 25 cc. Ina 
similar tube place 5 ce. of the working nitrogen standard, containing 0.075 
mg. of nitrogen, and to each add distilled water to the 20 ec. mark. Mix 
by shaking. 
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Prepare the nesslerizing solution by mixing | part of the gluconate and ] 
part of the persulfate solutions. Pour this mixture into an equal volume of 
Nessler’s reagent (1 gluconate + 1 persulfate + 2 Nessler’s reagent). This 
mixture must be used within 15 minutes. ‘To the standard and to each 
unknown add 4 cc. of the mixed reagent, dilute at once to the 25 ce. mark, 
stopper with paraffined corks, and mix by vigorous shaking. Allow to 
stand for 15 minutes to develop full color, then compare in a colorimeter in 
the usual manner, using the proper filter. Comparisons should be com- 
pleted within 1 hour after nesslerization. ‘The tubes should be kept stop- 
pered as much of the time as possible. 

If a photoelectric colorimeter is used, the proper filter is inserted, full 
scale deflection secured with a distilled water blank, and the standard read, 
then the unknowns. It is better thus to compare unknowns with a 
simultaneously prepared standard than it is to use a calibration curve, 
since the color varies greatly with temperature as shown by Pincussen 
(22), and with the age and lot of the reagents. 

Calculation——When a visual colorimeter is used 


Reading of “stan lard 


: x 15 = mg. urea N per 100 cc. blood 
Reading of unknown . 
For direct reading photoelectric colorimeters with logarithmic scales the 
calculation is 


Reading of unknown 7 
: 15 = mg. urea N per 100 ec. blood 


Reading of standard 

With colorimeters reading per cent of transmission only, the density 
must be calculated. This is defined as the log of (1/transmission) or log 1 — 
log T. Since scale readings are in terms of per cent of transmission, the 


| 


above becomes log 100 — log of reading, or 2 — log of reading = density | 


(D). Values of D for standard and unknown are then substituted in the | 


formula 


D unknown 


D standard 


x 15 = mg. urea N per 100 cc. blood 


Test of Method—Results obtained by this method are shown in Tables 
Ito Ill. In Table I is compared the stability of color with time for two 
specimens treated by four methods: (1) by the Wrenn method of direet 
nesslerization, (2) by the Looney method with gum ghatti, (3) by the 
method herein described, and (4) by the new distillation method followed 
by nesslerization with the new mixed reagent. 


Comparison of results obtained by the last two methods shows absolute 


agreement for a period of 90 minutes in the first specimen and for 3 hours 
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in the second. ‘The apparent increase in urea nitrogen shown in the first 
two columns is due to increasing turbidity. After the precipitate settles 
out, the color is actually lighter in intensity than it was originally. The 
reduction in color intensity by the use of gum ghatti is also shown. All 
readings in Table I were made with the Evelyn colorimeter with a No. 490 


| 
Rate of Change in Color of Two Hydrolyzed Blood Filtrates Directly Nesslerized 
Compared with Distillation and Nesslerization of the Same Specimen 


All values are expressed as mg. of urea N per 100 ec. of blood. 


Distilled 


A 0 min. 16.7 15.0 16.7 16.7 
Be 17.3 15.9 16.7 16.7 

17.7 16.3 16.7 16.7 

16.4 16.7 16.7 

16.7 16.7 16.7 

45 * 19.0 17.4 16.7 16.7 

19.7 18.1] 16.7 16.7 

GO * 20.3 19.0 16.7 16.7 

2 hrs. 23.6 20.8 17.2 | 16.7 

Mw Heavy ppt. Heavy ppt. 19.0 (Clear) 16.7 

B 0} min. 17.2 15.4 16.3 17.0 
IS_15 16.6 17.15 17.1 

IS 7 17.0 17.15 17.1 

7.2 17.15 17.1 

204 Is.2 17.1 17.1 

* 21.4 19. 7 17.1 17.1 

23.2 20.6 17.1 17.1 

26.5 22.8 17.1 17.1 

2 hrs Heavy ppt. Heavy ppt. 17.1 17.1 

l 


IS.6 (Clear) 17. 


* Nesslerizes only; similar to the method of Wrenn. 
t Method of Looney. 


filter. All distillations reported in this and in Table II were in duplicate, 
and blanks and standard nitrogen solutions were distilled as controls. 

In Table II are shown a number of determinations on actual specimens 
from hospitalized patients. These determinations were made by the 
distillation method and the results compared with those obtained by the 
new method of direct nesslerization with the photoelectric colorimeter. 
They were compared also with the results obtained with a visual colorim- 
eter, both with and without the aid of a Wratten filter No. 75. 
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Values determined by the method of direct nesslerization agree closely 
with those by the method requiring initial distillation of the ammonia when 
read on the photoelectric colorimeter. The maximum difference in the 
determinations listed is 2.2 per cent and the average 1.15 per cent. Results 
obtained when the readings were made in a visual colorimeter supplied 


TABLE Il 


Comparative Values for Urea Nitrogen by New Distillation and New Direct Nessleri- 
zation Method; Readings Made by Photoelectric and Visual Colorimeters 


All values in mg. per 100 ce. of whole blood. 


Direct nesslerization method 
New distillation 
method (Evelyn 
colorimeter), filter Evelyn colorimeter, 
No. 490 filter No. 490 


Visual colorimeter 


Per cent deviation 
With Wratten 


Glter No. 75 Without filter 


13.23 13.5 +2.0 13.2 


13.25 

16.26 16.2 —O.4 16.5 

16.25 

16.7 | 16.7 +() 16.8 

16.7 

15.6 15.4 —1.3 

14.5 14.8 +2.1 14.7 12.0 
14.6 14.8 +1.4 

13.2 13.4 +1.5 0 12.2 
20.5 20.3 —1.0 21.0 

21.0 | 21.0 +0 21.5 19.0 
16.0 16.3 +1.9 15. 14.3 
76.0 75.3 —0.9 77.4 

43.7 44.2 +1.1 

17.2 —1.2 

18.0 Is. ] +0.5 

9] 9.3 +2.2 4 

§.52* 5.56 +0.9 5.8 No reading 
5.51 possible 


* Case of toxemia of pregnancy; no reading possible by visual colorimeter with- 
out filter because of difference in color quality. 


with the Wratten filter are also in reasonable agreement. Without. the 
filter there is considerable error. 

The one instance of extremely low urea nitrogen concentration was a 
case of suspected toxemia of pregnancy. It was absolutely impossible to 
do a determination on this specimen by any of the older methods, for upon 
the addition of Nessler’s reagent a very heavy precipitate immediately 


formed. 
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As a final check on the method, experiments were conducted to determine 
the extent of recovery of urea added to blood samples, the urea concentra- 
tion of which had already been determined. These data are recorded in 
Table III. Recoveries ranged from 97.2 to 98.6 per cent. 

Precautions—A few precautions must be observed in using this method. 
The range over which good proportionality between standard and unknown 
holds is about 2-fold. With a standard equal to 15 mg. of urea nitrogen 
per 100 cc., the concentration of the unknowns should be not less than 8 
nor more than 30 mg. per 100 ce. For ranges beyond these limits a new 
standard must be prepared, or the filtrate diluted before nesslerization. 

The clearest blood filtrates are produced by the original method of Folin 
and Wu. It is superior to any of the modifications, particularly those in 
which the acid is added before the tungstate or in which blood is added 
directly to N/12 acid. Filtrates prepared in such manner show an appreci- 
able absorption of light when measured in a photoelectric colorimeter with 


III 
Recovery of Urea Nitrogen Added to Blood 
All values in mg. per 100 cc. of whole blood. 


—e 


Urea N originally present | Aeiasiat added | Amount recovered : | Per cent recovered 
12.8 | 5.0 17.5 | 98 .0 
15.3 | 15.0 29.6 | 97.7 
10.3 25.0 34.8 | 98.6 
| 45.0 | 58.9 | 97.2 


15.6 


a blue filter. This absorption varies from 8 to 12 per cent as compared 
with 2 per cent by the original Folin-Wu filtrate. The zine hydroxide 
filtrate of Somogyi (23) offers no advantage. 

It is essential that the first portion of the filtrate be poured back onto the 
filter, for this first portion not only shows less transparency when measured 
with a blue filter but also yields higher values for non-protein and urea 
nitrogen. 

Although urease solutions are frequently used, and their activity may be 
preserved indefinitely by the use of glycerol, such solutions nevertheless 
tend to develop ammonia blanks, even when relatively fresh, owing to the 
action of a secondary enzyme as shown by Howell (24). This difficulty is 
avoided by using a dry preparation. The double strength urease powder 
prepared by Squibb has a sufficiently high enzymatic activity and is entirely 
free of ammonia and other non-protein nitrogen. These criteria were not 
met by the other commerical preparations tested. 
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SUMMARY 
A simple accurate method of determining urea nitrogen in blood by ( 


direct nesslerization is described. No elaborate apparatus nor unusual 
reagents are required. 

In the method potassium persulfate is used to prevent the reduction 
of Nessler’s reagent and potassium gluconate to restrain the oxidizing 
action of the persulfate, form a soluble mercury complex, or to do both. 
By these means a color is produced which is stable for a minimum of | hour. 
The final reaction mixture remains clear and sparkling for days. 

Spectrophotometric study of the color of the final nesslerized solution 


indicates that color comparisons should be made between the wave-lengths : 
of 490 and 510 my with 500 my the optimum point. Appropriate filters 
S 
for photoelectric and visual colorimeters are described. 
As a basis for accurate comparison a new distillation procedure is out- | f 


lined which gives accurate results with the amount of urea normally present 


in 0.5 ec. of whole blood. - 
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CANINE CYSTINURIA. THE EFFECT OF FEEDING CYSTINE, 
CYSTEINE, AND METHIONINE AT DIFFERENT 
DIETARY PROTEIN LEVELS* 


By W. C. HESS ano M. X. SULLIVAN 
(From the Chemo-Medical Research Institute, Georgetown University, Washington) 


(Received for publication, February 9, 1942) 


The question whether cystinuria, long under study in man, also affects 
animals was answered affirmatively in 1935 by Morris, Green, Denkel, and 
Brand (1) who reported the removal of a cystine stone from an Irish terrier. 
Shortly thereafter the son of a male litter mate of the same dog was found 
to be cystinuric (2). By breeding the younger cystinuric dog with related 


females (non-cystinuric) Brand et al. (3-5) obtained more than 300 descend- 


ants of which twelve were definitely cystinuric, all males. Through the 


courtesy of Dr. Brand two of these cystinuric Irish terriers, designated as 


Dogs 32-T and 38-U, were placed at our disposal. 

As reported by Brand, Cahill, and Kassell (6) the reaction of the fresh 
urine of these dogs was negative by the Sullivan direct method. After the 
urine had been aged for several days, the Sullivan reaction became posi- 
tive. Brand et al. (2) believe that the reaction is negative owing to the 
presence in the urine of an unknown reducing substance which interferes 
with the color development. If the cystine in the urine was precipitated 
with cuprous chloride according to the method of Rossouw and Wilken- 
Jorden (7) and the copper removed from the washed precipitate by hydro- 
gen sulfide, the filtrate, after concentration, contained free cystine deter- 
minable by the Sullivan method. The question as to why the Sullivan 
method is negative in the freshly voided urine will be considered in detail 
in a later paper. However, we have evidence (Howard and Sullivan (8)) 
that certain cysteine complexes of the thiazolidine type which are negative 
in the Sullivan reaction are quantitatively opened by precipitation with 
cuprous chloride and then react positively. 

It is the conclusion of all workers that in human cystinuria the urinary 
cystine increases with increased protein intake. Brand, Cahill, and Harris 
(9) have postulated that the error of metabolism in the case of cystinuria 
is concerned with the ingested methionine and cysteine and not with the 
ingested cystine. Lewis, Brown, and White (10) also found that both 
methionine and cysteine stimulated the excretion of cystine in a human 
eystinuric but to a lesser degree than found by Brand et al. (9) and re- 


* A preliminary report was presented before the One-hundred and second meeting 
of the American Chemical Society at Atlantic City, September 8, 1941. 
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ported that the stimulation was more marked upon a lower protein diet 
than upon a high protein diet. Hess and Sullivan (11) in a study of two 
cases of human cystinuria found a stimulation of cystine excretion follow- 
ing the ingestion of both methionine and cysteine with one cystinuric but 
not with the other. 

In their early study of canine cystinuria Brand, Cahill, and Kassell (6) 
confined their investigation to the determination of cystine, creatinine, 
total nitrogen, and sulfur distribution. Later (5) Kassell, Brand, and 
Cahill reported that with increasing protein (casein) intake the cystine 
excretion increases. In our investigation we have studied not only the 
effect of various levels of dietary protein upon the cystine excretion in two 
cystinuric dogs but also the effect of the administration of methionine, 
cysteine hydrochloride, and cystine upon the cystine excretion at the 
various levels of protein intake. 


EXPERIMENTAL 


The diet was that recommended by Dr. Brand and had the following 
percentage composition: casein! 25, sucrose 45, salt mixture? 1.5, bone ash' 
3.5, yeast‘ 5, and lard 20. Daily, 5 cc. of cod liver oil were added to the 
diet of each dog. When the level of casein in the diet was changed, the 
sucrose was varied inversely. The diet was prepared fresh once a week. 
The amino acids fed, /-cystine, /-methionine, and cysteine hydrochloride, 
were analytically pure. The cysteine hydrochloride was prepared from 
the same lot of cystine as was used in the feeding experiments. The 
l-methionine was isolated from casein. The weighed amount of each 
amino acid was intimately mixed with the diet each day. Each dog was 
fed approximately 150 gm. of diet per day. 

As communicated to us by Dr. Brand in an extension of the data of Brand 
et al. (6) Dog 4 was bred with a non-cystinuric female, Dog 2, to give a 
cystinuric male, Dog 4-19, and a non-cystinuric female, Dog 4-22. Dog 4 
bred with female Dog 3 gave female Dog 9-31. The latter bred with Dog 
4-19 gave Dog 32-T. Dog 4-22 bred with Dog 4-19 gave female Dog 17-A 
which bred to Dog 4-19 gave the cystinuric Dog 38-U. Dog 32-T was 
born April 25, 1939, and Dog 38-U was born May 11, 1939. The dogs 
were kept in separate metabolism cages. ‘The urine, collected daily, was 


‘Casein Company of America, edible casein No. 453 (sulfate-free ). 

? The salt mixture prepared was as follows: ferric citrate 9 gm., potassium iodide 
2.5 gm., potassium chloride 35 gm., calcium phosphate (CaHPO,-2H.,O) 39 gm., 
monobasic potassium phosphate 61 gm., magnesium citrate 163 gm., sodium chloride 
190 gm. To this mixture are added 100 to 200 mg. each of copper tartrate, cobalt 
chloride, manganese phosphate, and zine carbonate. 

3 Eimer and Amend, fine, Cupel, Michigan (sulfate 0.24 per cent). 

4 Fleischmann’s dried yeast, 7.56 per cent N, 0.37 per cent 5S. 
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Urine 


Cystine 


Nitrogen 


Total S 


Neutral S 


Dog No. 
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sulfur, and inorganic sulfate sulfur. 
38-U weighed 9 kilos. 
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analyzed immediately for cystine, total nitrogen, total sulfur, total sulfate 


Dog 32-T weighed 7 kilos and Dog 


TABLE I 


Average Daily Urinary Excretions during Control Periods on Various Protein Levels 


Protein level 


5 per cent | 10 per cent | 25 per cent | 50 per cent 
gm. gm. | gm. | gm. 
0.008 0.039 0.082 | 0.144 
0.008 0.042 0.082 0.144 
0.96 1.98 5.16 9.33 
0.95 2.04 5.21 9.39 
0.096 0.138 0.249 0.462 
0.095 0.147 0.247 0.482 
0.050 0.061 Q.111 0.196 
0.045 0.066 0.119 0.233 

TaBLeE II 


Total Urinary kexcretion for 4 Day Period during Ingestion of Amino Acids 
upon Various Protein Levels 


Urine 


Cystine 
Nitrogen 
Total S 


Neutral S 


Dog 
No. 


38-U 
| 32-T 
38-U 


32-T 
38-U 
32-T 
38-U 


| 2.0 gm. methionine 


gm. 


0.104 
0.137 
4.22 

4.05 

0.627 
0.626 
0.284 
0.319 


cent 


gm. 


0.289 
0.355 
8.44 

8.41 

0.776 
0.799 
0.328 


0.291 


5 per 10 per | 25 per | 
cent 


cent 


volume of the aliquot of the urine. 


50 


cent 


Ww 


per 


| 
— 


Protein level 


| 10 per 25per | SOper | Sper! 2Sper 
cent | cent cent | cent cent | cent 
2. 3 gm. cysteine hydrochloride 3 gm. cystine 
gm. gm. gm. gm. gm. gm. 
0.084) 0.233) 0.323) 0.545/0.033) 0.335 
0.092, 0.381) 0.370) 0.518/0.038} 0.333 
4.24 | 8.78 |23.7 [41.5 (3.83 |22.2 
4.51 | 9.40 '23.3 (43.3 (3.94 |21.4 
0.819 1.068; 1.558, 2.193/0.807; 1.406 
0.851) 1.023) 1.559; 2.180'0.881) 1.263 
0.427) 0.373, 0.667) 1.119'0.371) 0.615 
0.381) 0.339) 0.6 1 .073/0. 367 0.590 


The urine as collected contained no cystine sediment and, in fact, gave 
no reaction for free cystine by the Sullivan method and recourse was had 
to precipitation with cuprous chloride. 


An aliquot of the urine (25 ce. 


for the lower casein levels and 10 ee. for the 50 per cent level) was precipi- 
tated with cuprous chloride (6), the copper was removed from the complex 
with hydrogen sulfide, and the filtrate was concentrated to the original 
During the concentration the cysteine 
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was oxidized to cystine and in the Sullivan method cystine was employed 
as the standard. 

The casein in the diet was varied in content from 5 to 50 per cent in four 
different levels, 5,10, 25, and 50 per cent. Table I gives the average daily 
excretion of the principal substances determined in the urines of both dogs, 
The average value in each case is based upon a considerable number of 
determinations made both before and after the feeding of the various amino 
acids. Since the amount of diet furnished to each dog and eaten was the 
same each day, the values upon which the averages are based are, in all 
cases, close together. 

Table II presents the data on the effect of feeding methionine, cysteine 
hydrochloride, and cystine on the same urinary constituents. Of the 
amount of each amino acid indicated, one-half was fed daily for 2 succes- 
sive days and the urine was collected for these 2 days and also for the next 
2 days to insure complete elimination of any cystine produced by the in- 
gestion of the compound administered. 


DISCUSSION 


The two dogs do not differ greatly in their response to the different levels 
of casein in the diet. The greatest variation is in the neutral sulfur output 
on the 50 per cent casein diet (Table I). The effect of the different protein 
levels in the diet upon the excretion of urinary cystine is marked. In 
agreement with the findings of Brand ei al. (5) there is a sharp increase in 
urinary cystine following each increase in the level of dietary protein. It 
may be noted that the increase in cystine output is proportionally greater 
than the increase in protein intake, especially upon the lower levels of 
protein. The excretion of nitrogen increases directly as the dietary protein 


is increased but such a proportionality does not occur in the neutral sulfur - 


output. 

The ingestion of methionine and cysteine hydrochloride by the dogs 
causes the excretion of far more extra cystine upon the 5 and the 10 per 
cent casein levels than upon the 25 and the 50 per cent levels. In fact on 
the higher levels of protein intake these amino acids cause little if any 
increase in cystine excretion over that on the basal diet. The actual 
increase in cystine output following the administration of any amino acid 
can be calculated by subtracting from the amount excreted in the 4 day 
period, as given in Table II, 4 times the daily average for the corresponding 
casein level as given in Table I. The results are given in Table III to- 
gether with the actual percentage increase of the cystine excreted over the 
control period for each amino acid fed. In general Dog 38-U gives a more 
marked response to the amino acid fed than does Dog 32-T, particularly 
upon the lower casein levels. However, the trend with both dogs is the 


same, 
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Both the methionine and the cysteine hydrochloride exert their most 
marked effect upon the cystine excretion when the casein is fed at a 5 
per cent level. Increasing the casein level to 10 per cent and feeding either 
methionine or cysteine hydrochloride produces an increased output of 
cystine but the increase is far less than on the 5 per cent casein level. 
When the casein level is further increased to 25 or 50 per cent, the increase 
or decrease in extra cystine excreted is well within the experimental error 
of the methods. Whether the absolute amount of cystine excreted is 
considered or the percentage increase over the normal, it is evident that 
the two lower levels of dietary casein permit methionine and cysteine hydro- 
chloride to bring about the excretion of extra cystine in the urine, while the 


TABLE III 


Urinary Excretion of Extra Cystine Following Ingestion of Amino Acids 
(4 Day Period) 


Protein level | Dog No. | Methionine | Cysteine Cystine 
per cent | | gm. | gm. | gm. 
| Tr | | com ae | 
| 38-U | 0.105 (328) | 0.060 (188) — =©0.006 (19) 
10 | 32-T | 0.133 (85) | 0.077 (49) | 
38-U | 0.187 (111) | 0.213 (126) | 
25 32-T —0.035 (—11) | —0.005 (-—2) 0.011 (3) 
50 | $2-T —0.039 (—6) | -—0.031 (—5) 
| | 0.016 (-8) —0.058 (—10) 


* The figures in parentheses are the percentage increase in cystine excreted above 
the control. 


two higher levels do not. This finding with cystinuric dogs is in agree- 
ment with the finding of Lewis, Brown, and White (10) with human cys- 
tinuria that the excretion of cystine is stimulated by methionine and 
cysteine more on a higher protein intake than on a lower. In no case did 
the feeding of cystine have any influence upon the cystine output. 
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CARBOHYDRATE CHARACTERIZATION 


Il. THE IDENTIFICATION OF HEXURONIC OR SACCHARIC ACIDS 
AS BENZIMIDAZOLE DERIVATIVES* 


By ROLLAND LOHMAR, ROBERT J. DIMLER, STANFORD MOORE, anp 
KARL PAUL LINK 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, December 4, 1941) 


The first paper of this series by Moore and Link (1) gives a procedure 
for the characterization of certain aldo-monosaccharides as benzimidazole 
derivatives. ‘The method has now been extended to include the identifica- 
tion of hexuronic acids as the dibenzimidazole derivatives of the corres- 
ponding saccharic acids. The procedure gives readily characterized 
derivatives of d-glucuronic, d-mannuronic, and d-galacturonic acids under 
identical conditions of treatment. 
~The characterization of aldoses (1, 2) involves three general steps: 
(a) liberation of aldoses from polysaccharides or glycosides by acid hydroly- 
sis, (b) the oxidation of the aldoses to the aldonic acids by hypoiodite in 
methanol, (c) the condensation of the aldonic acids with o-phenylenedi- 
amine to form the aldo-benzimidazoles. Similarly, the basis of the 
proposed method for hexuronic acids involves liberation of the aldehyde 
sugar acid, its oxidation to the saecharic acid, and subsequent benzimid- 
azole formation. 
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The application to the hexuronic acids, however, necessitates modifica- 
tions of the first two steps. The sensitivity of uronie acids to acid 
hydrolysis may cause extensive decomposition in the first step. In 
general the familiar simultaneous hydrolysis-oxidation by hydrobromic 
acid-bromine has proved the most useful method for converting poly- 
uronides to the saccharic acids. On the other hand, if the free acid has 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. This study was made possible through Wisconsin Alumni 
Research Foundation Fellowships to Messrs. Lohmar, Dimler, and Moore and by 
research grants from the office of the Dean of the Graduate School. 
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552 CARBOHYDRATE CHARACTERIZATION. III 


been obtained, it is preferable to carry out the oxidation to the saccharic 
acid by the bromine-barium benzoate method of Hudson and Isbell (3), 


While the hypoiodite oxidation used for the aldoses is applicable to galac- | 
turonic acid, it fails to give satisfactory results with glucuronic and | 


mannuronic acids. 

With unknown samples giving a positive color test for uronic acid, two 
types of treatment may be considered. One procedure is the use of 
hydrobromic acid-bromine (or bromine-barium benzoate) and identification 
of both aldoses and hexuronic acids as the benzimidazole derivatives in the 
one series of operations. The fractionation of the mixture of derivatives 
is facilitated by the lower solubility of the saccharo-dibenzimidazoles in 
comparison with the aldo-benzimidazoles. An alternate procedure is 
first to characterize the aldoses (1).' On a separate sample the hydro- 
bromic acid-bromine technique may be applied in search for hexuronic 
acids, with the advantage of previous knowledge of the aldo derivatives 
to be expected. 

The hydrolysis-oxidation with hydrobromic acid- bromine coiled a 
solution in which the total mineral acid present is in excess of the amount 
desired for the o-phenylenediamine condensation. Excess of hydrobromic 


| 


acid can be a cause of low benzimidazole yields. Complete removal of | 


hydrobromic acid with silver carbonate makes it possible to establish the 


optimum acid concentration in the hydrochloric-phosphoric acid con- — 
densation mixture. Partial removal of hydrobromic acid by concentration | 


under reduced pressure may be used but the yields are less reproducible. 

The dibasic acids formed by the oxidation of the hexuronic acids are 
condensed with o-phenylenediamine under conditions similar to those 
employed for the aldonic acids (1). The optimum molar ratio of diamine 
to carboxyl group is 1.3:1, with 1 mole of hydrochloric and 1 mole of 
phosphoric acid per mole of diamine for condensation. The vields are in 
general satisfactory, although not necessarily maximum, when the treat- 
ment of unknowns involves deviation from these proportions. Diethylene 
glycol is used to keep the mixture fluid during the 2 hour condensation at 
135°.2 The picrates are prepared as directed for the aldo-benzimidazoles 
(1). The hydrochlorides of the saccharo-dibenzimidazoles are less soluble 
than those of the aldo-benzimidazoles and can be readily obtained from 
aqueous acid solution. 

The three dibasic acids, d-saccharic, d-mannosaccharic, and mucic, 
derived from d-glucuronic, d-mannuronic, and d-galacturonic acids are 


1 The presence of uronic acid decomposition products (from acid hydrolysis and 
potassium hypoiodite-methanol oxidation) does not have a tendency to interfere with 


aldose identification. 
2 If aldonic acid components of a mixture are to be characterized at the same time, 


it is preferable to omit the diethylene glycol. 
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characterized by the four constants given for each benzimidazole deriva- 
tive in Table I. The advantages in ease of isolation and characterization 
which the saccharo-dibenzimidazoles possess over hydrazine derivatives 
(4) or salts of sugar acids are similar to those enumerated for the aldo- 
benzimidazoles. In the case of mucic acid, of course, the advantage in 
isolation is less marked than in the other instances, but the properties of 
the benzimidazole are preferable for characterization. 

Since this procedure is a characterization of the dibasic acids resulting 
from the oxidation of hexuronic acids, its interpretation is subject to the 
general stereochemical limitations of saccharic acid isolation. Differen- 
tiation between d-galacturonic and /-galacturonic, or between d-glucuronic 


TABLE I 
Saccharo-dilenzimidazole Derivatives 


Dibenzimidazole 

Hexuronic acid | ide, 

d-Glucuronic. ...... 238 +60.3t 257-258 211 
d-Mannuronic —1.3$ | 256-257 241 

d-Galacturonic 298 | 0.0+t | 318 


* All melting points represent melting with decomposition, uncorrected, in a 
Thiele apparatus below 270° and in an aluminum block above 270°, with a temperature 
rise of 2° per minute. 

t Rotations in 5 per cent citric acid (aqueous) with e = 2 (approximate). 

¢ Aqueous solution of hydrochloride, ¢ = 2 (solubility insufficient in citrie acid). 
The tetraacetate, from pyridine-acetic anhydride, gives [a]} = —11.9° (e, 2; CHC), 
m.p. 225-226°. Acetyl calculated, 32.95; found, 31.90, 32.00 (Kuhn-Roth). 


and /-guluronic acids, is not accomplished. In work with natural products 
the derivatives may permit a preliminary characterization in favor of 
d-galacturonic or d-glucuronic acid and indicate experiments for final 
identification of the isomer. d-Mannosaccharo-dibenzimidazole is com- 
pletely characteristic for d-mannuronic acid. The possibility of the 
preexistence of the saccharic acids as such in natural products gives rise 
to the problem of benzimidazole preparation prior to oxidation and methods 
of this type are under investigation. 


EXPERIMENTAL 


Condensation from Saccharic Acids—Per 5 mm (1.04 gm.) of a saccharic 
acid (or, for example, 0.87 gm. of mannosaccharic dilactone) add 1.40 
gm. (13 mmo) of o-phenylenediamine, 1.1 ec. (13 mm) of concentrated HCl, 
1.1 cc. (13 mM) of syrupy H3PO,, and 4 cc. of diethylene glycol in a 6 inch 
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test-tube. Warm the mixture on a steam bath until solution is realized, 
add a boiling chip, and place the tube in an oil bath at 135° + 5° for 2 hours. 
Dissolve the syrupy residue in 5 to 10 cc. of water, add a small amount of 
carbon, and filter through asbestos. To the warm filtrate add concen- 
trated NH,OH until the solution is alkaline. Crystallization is completed 
by cooling the solution. Filter the crystals and wash with water, acetone, 
and ether. The yield of the dibenzimidazole is about 1.6 gm. or 90 per 
cent of theory from saccharic, mannosaccharic, or mucic acid (analytical 
data in Table II). 


TaBLe II 
Analyses of Saccharo-dibenzimidazoles 
| Nitrogen 
Procedure Dibenzimidazole 
Calculated Found 
per cent per cent 
Dumas _ Free base d-Saccharo- 15.82 15.86 
d-Mannosaccharo- 15.82 15.75 
| Mucie acid 15.82 15.80 
Kjeldahl Picrate d-Saccharo- 17.25 17.16 
d-Mannosaccharo- 17.25 17.34 
Mucie acid | 17.25 17.48 
TABLE III 
Analyses of Saccharo-dibenzimidazole Dihydrochlorides 
Carbon (calculated, Hydrogen (calcu- Chlorine (calcu- 
(5C1)s | $0.87), found "lated, 4.72), found | 16,60); 
per cent per cent Der ceni 
d-Saccharo-. 50.28 4.40 16.45 
d-Mannosaccharo- 50.43 4.50 16.50 


Recrystallization—The benzimidazoles of the saecharie acids are less 
soluble in water and organic solvents than the benzimidazoles of the aldonie 
acids. In general, for recrystallization suspend the derivative in_ hot 
water, bring into solution by the addition of dilute HC|, decolorize with 
carbon, and add a slight excess of NH,OH to the hot filtrate. A volume of 
about 20 cc. per 0.1 gm. of benzimidazole is satisfactory. d-Saccharo- 
dibenzimidazole may be recrystallized from a large volume of ethanol. 

Preparation of Hydrochlorides—Dissolve 0.1 gm. of the benzimidazole 
in 4 cc. of hot N HCl. After a brief period of cooling, the hydrochloride 
crystallizes out in long needles. Wash with acetone, then ether. The 
yield is almost quantitative. Analytical data are shown in Table III. 
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Treatment of Free Uronic Acids—Oxidize 0.25 gm. of glucuronic acid by 
the bromine-barium benzoate procedure proposed by Hudson and Isbell 
(3) for the aldoses. In this case it is necessary to add enough barium 
benzoate to neutralize the carboxyl group of the uronic acid as well as the 
HBr produced in the oxidation. After removal of the inorganic ions and 
benzoic acid, condense the syrup containing the saccharie acid with 0.35 
gm. of o-phenylenediamine in the presence of 0.8 cc. of 4 N HCl, 0.8 ec. of 
4m H3PO,, and 1 ec. of diethylene glycol for 2 hours at 135°. Take up in 
water, decolorize, and make the hot filtrate alkaline with NH,OH. The 
yield of dibenzimidazole is about 0.37 gm. per 0.25 gm. of uronic acid taken, 
or 80 per cent of theory. 

Treatment of Glycuronides—Reflux 1 gm. of borneol glucuronide for 
2 hours in 25 cc. of a solution of N HBr containing 1 cc. of bromine. Aerate 
the solution to remove the bromine and then filter. For removal of excess 
HBr, concentrate the solution under reduced pressure at 40° to a volume 
of 2 cc. Add 25 cc. of ethanol and again concentrate the solution to a 
small volume. Do this twice. Condense the thin syrup in the usual 
manner with 0.85 gm. of o-phenvlenediamine, 0.6 ec. of syrupy H3PQOsx, 
and 2 cc. of diethylene glycol. The vield of d-saccharo-dibenzimidazole is 
48 per cent of theory. 

Decompose 1 mm (0.551 gm.) of barium methylmannuronide with Nn 
sulfuric acid. An excess of the sulfuric acid should be avoided. Carry 
out the oxidative hydrolysis as outlined above. Remove the excess 
bromine by aeration and the hydrobromie acid with silver carbonate. 
Add Hi.S8 to remove soluble silver salts. Concentrate the solution under 
reduced pressure at 40° to about 4 cc. For condensation, use 0.28 gm. of 
o-phenylenediamine, 0.65 ce. of 4 N HCI, 0.65 cc. of 4 Mm H;PQO,, and 1 ce. 
of diethvlene glycol. The vield of d-mannosaccharo-dibenzimidazole is 
41 per cent of theory. Parallel experiments with removal of the hydro- 
bromic acid by concentration under reduced pressure give vields of 30 
per cent. 

Pectic acid and alginic acid may also be subjected to this procedure. 
With these substances, a prolonged (about 24 hours) period of hydrolysis- 
oxidation is necessary. From a 1 gm. sample of pectic acid, 0.55 gm. of 
mucic acid dibenzimidazole is obtained. From 1 gm. of alginic acid, 
0.36 gm. of d-mannosaccharo-dibenzimidazole is obtained. With poly- 
uronides which hydrolyze with difficulty, the hydrobromic acid-bromine 
procedure involves appreciable destruetion and the benzimidazole yields 
are low. 


SUMMARY 


A method is described for the identification of the naturally occurring 
hexuronic acids, d-glucuronic, d-mannuronic, and d-galacturonic, as 
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dibenzimidazole derivatives of the corresponding saccharic acids. The 
applicability of the procedure has been tested on hexuronic acids, gly- 
curonides, and polyuronides. 
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THE CHARACTERIZATION OF LACTIC ACID AS THE 
BENZIMIDAZOLE DERIVATIVE* 


By ROBERT J. DIMLER ano KARL PAUL LINK 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, December 4, 1941) 


In view of the suitability of the benzimidazole derivative for the char- 
acterization of lactic acid, the constants on the optically active derivatives 
should be recorded (Table I). The racemic lacto-benzimidazole (2-(a- 
hydroxyethyl)-benzimidazole) has been prepared by several investigators 
(1-5) but only the specifie rotation has been reported for the optically 
active derivatives (6). Furthermore the usefulness of the preparation of 


TABLE I 
Physical Constants of Lacto-benzimidazole (CsH ON?) 


Optical form M_p. Hydrochloride, m.p. 
Dor L | 175-177 213-215 D +33.4 
DL | 179-181 211-213 0.0 


the hydrochloride as a secondary derivative with a characteristic melting 
point has not been indicated. 

Lactic acid present in aqueous solution, after preliminary separation 
from any major quantities of interfering substances, may be converted to 
lacto-benzimidazole either by the general procedure outlined for the 
quantitative determination of the isomer ratio in commercial samples (6) 
or by the method given in the application of benzimidazole derivatives to 
carbohydrate characterization (7). The former procedure, based on the 
isolation of the crystalline silver salt, will usually be found more convenient 
because of the essentially complete isolation of the derivative, the additional 
analytical constants which may be obtained readily on the silver salt 
(Ag 40.1 and N 10.4), and the convenience of determination of the specific ’ 
rotation. 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. This study has been made possible through a Wisconsin 
Alumni Research Foundation Fellowship to R. J. D. and by research grants from the 
office of the Dean of the Graduate School. 
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The free base may be obtained from the alcohol solution used for rota-. ' 
tion measurement by concentration to dryness and recrystallization of the 
lacto-benzimidazole from hot water-alcohol (14:1). The melting points 
of mixtures of the active and racemic derivatives may be 2-5° below the 
melting points of the pure L (“‘sareo’’) and DL compounds. The hydro- ; 
chlorides (Table Il) may be prepared by the procedure used in carbohydrate 
characterization (7). The addition of ether is effective when the hvydro- 


TABLE II 
Representative Analyses of Lacto-benzimidazoles 
Benzimidazole, CoH1ON> lated, 40.11); ( 

found Calculated Found Carius) found 
per cent per cent per cent per cent I 
Ag salt of D form 40.11 10.40 10.0 | a 
40.00 10.2 
10.05 10.40 10.0 
4005 10.2 ) 
D form (free base) 17.00 
16.80 
Hydrochloride of DD form 14.13 14.05 17.50 | t 
14.00 17.46 
14.138 14.00 17.48 9 

13.99 17 4s 

St 
chloride does not crystallize readily from the acetone-aleohol mixture. Si 
The picrate is not readily obtained. yD) 
BIBLIOGRAPHY | 5 
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LETTERS TO THE EDITORS 


THE FORMATION OF CYSTEINE FROM IU-S-(6-AMINO-8-CAR- 
BOXYETHYL)HOMOCYSTEINE BY LIVER TISSUE 


Sirs: 


In a recent communication! it was reported that the unsymmetrical thio 
ether, l/-S-(8-amino-8-carboxyethyl) homocysteine could serve in lieu of 
cystine in the diet of rats for the support of growth. It was inferred that 
the compound was converted to cystine. We now wish to report direct 
evidence that liver tissue is capable of cleaving this thio ether to form 
cysteine. 

Slices of rat liver (1.8 gm., dry basis) were shaken for 24 hours with 50 
mg. of the thio ether in an atmosphere of 95 per cent O2 and 5 per cent COz 
at 38° with Ringer’s solution as modified by Krebs.2. Trichloroacetic acid 
was then added to give a concentration of 5 per cent. The presence of 7.8 
mg. of cystine in the neutralized filtrate was indicated by the Folin- 
Marenzi method as modified by Kassell and Brand. The cystine was 
precipitated as the cuprous mercaptide and after regeneration of cystine 
the Sullivan method showed the presence of 6.0 mg. of cystine. In a 
series of runs the cleavage averaged 20 per cent of the theoretical value at 
23 hours and 30 per cent at 5 hours. Anaerobically the cleavage was 
somewhat higher and production of IHS was observed. Control runs 
without thio ether gave no appreciable Sullivan test. When the Ringer’s 
solution with suspended liver slices was heated to boiling, no cleavage 
of the thio ether was obtained. Muscle and kidney tissue were inactive. 

Saline extracts of fresh rat livers were active in cleaving the thio ether. 
5 ec. of extract representing 2.5 gm. of fresh liver gave an average cleavage 
of 30 per cent of thio ether in 2} hours at 38° in phosphate buffer at pH 
7.5 under Ne. An appreciable production of HeS was observed. The 
H.S-free solution gave strongly positive tests for cysteine. For quantita- 
tive analysis the cysteine was converted to cystine by aeration. Since the 
Folin-Marenzi and Sullivan values agreed quite closely in most of the ex- 
periments, it would appear questionable that appreciable amounts of 
homocysteine were formed, a conclusion which agrees with that drawn 
from the growth studies with the compound.! To remove any doubt that 
cysteine had been formed by the action of the extract, the isolation of 
cystine was attempted. The combined aerated filtrates from several runs 
containing approximately 40 mg. of cystine as indicated by colorimetric 


1 du Vigneaud, V., Brown, G. B., and Chandler, J. P., J. Biol. Chem., 143, 59 (1942). 
* Krebs, H. A., and Henseleit, K., Z. physiol. Chem., 210, 33 (1932). 
? Kassell, B., and Brand, E., J. Biol. Chem., 126, 115 (1938). 
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analysis were used. 17 mg. of cystine were isolated in crystalline form. 
The liver extract heated for 10 minutes at 100° was found to be inactive. 
The addition of NaCN inhibited H.S production but the cleavage of the 
thio ether still occurred, thus indicating that the thio ether enzyme is 
distinct from the enzyme studied by Fromageot* and by Smythe® which 
forms H.-S from cysteine. 


Department of Biochemistry FRANCIS BINKLEY 
Cornell University Medical College Wituiam P. Ans.Low, Jr. 
New York City VINCENT DU VIGNEAUD 


Received for publication, February 24, 1942 


‘ Laskowski, M., and Fromageot, C., J. Biol. Chem., 140, 663 (1941). 
’ Smythe, C. V., J. Biol. Chem., 142, 387 (1942). 
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CYSTINE, TYROSINE, AND ARGININE CONTENT OF HIGH 
POTENCY PRESSOR AND OXYTOCIC PITUITARY HORMONES* 


Sirs: 


Using the separated principles obtained by the base exchange method 
which we have briefly reported! and subjecting the two fractions to further 
purification, we have been able to obtain amorphous powders of con- 
sistently high biological activity. The details of purification will be 
reported in the near future; we desire, however, to call attention to the 
hydrolysis products of these two principles, since the preparations we have 
investigated have higher potency than any as yet recorded in the literature. 
The oxytocic preparation was a non-deliquescent white powder which dis- 
solved readily in water to form a colorless solution. Upon standing in an 
evacuated desiccator at —3° it slowly discolored, with some loss in biologi- 
eal activity. It assayed 700 units per mg. by the method of Coon. 
The pressor principle was a similar product which assayed 450 units per 
mg. in the anesthetized cat. The oxytocie preparation had less than 20 
units and the pressor principle less than 40 oxytocie units per mg. 

10 mg. of each of these preparations were hydrolyzed according to the 
method of Gurin and Clarke*® and on the hydrolysate cystine was deter- 
mined by the Sullivan method,* tyrosine by the method of Arnow,® and 
arginine by a slight modification of the method of Dumazert and Poggi;® 
readings were made with an Evelyn photoelectric colorimeter and appro- 
priate filters. The following values were obtained for the oxytocic prepara- 
tion, cystine 18.3, tyrosine 14.2, arginine < 0.8 per cent; for the pressor 
principle, cystine 19.0, tyrosine 11.9, arginine 12.3 per cent. The total 
sulfur of the oxytocic preparation was 5.59 per cent,’ which is in agreement 
with the value for the cystine; unfortunately lack of material at this time 
prevented an analysis for sulfur on the pressor principle. Recently Irving 
and du Vigneaud in an excellent review’ have summarized the present 


* These investigations were financed by grants from Armour and Company, the 
National Research Council, Committee on Research in Endocrinology, and the Dr. 
Wallace C. and Clara A. Abbott Memorial Fund of the University of Chieago. 

! Potts, A. M., and Gallagher, T. F., Proe. Am. Soc. Biol. Chem., J. Biol. Chem., 
140, p. ciii (1941). 

?Coon, J. M., Arch. internat. pharmacod., 62, 79 (1939). 

*Gurin, S., and Clarke, H. T., J. Biol. Chem., 107, 395 (1934). 

‘Sullivan, M. X., and Hess, W. C., J. Biol. Chem., 117, 423 (1937). 

‘Arnow, L. E., J. Biol. Chem., 118, 531 (1937). 

* Dumazert, C., and Poggi, R., Bull. Soc. chim. biol., 21, 1381 (1939). 

? Analysis by Dr. T. 38. Ma of the Department of Chemistry, University of Chicago. 

‘Irving, G. W., Jr., and du Vigneaud, V., New York Academy of Sciences, Con- 
ference on protein hormones of the pituitary body, January 9, 10 (1942). 
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status of the hormones of the posterior lobe of the pituitary gland and our 
values should be compared with those of other investigators recorded there. 

The strikingly low content of arginine in the oxytocic preparation is in 
contrast with the significant amount of the amino acid in the pressor 
substance. We believe that this difference can account for the fact that 
the pressor principle behaves as a more basic ampholyte (isoelectric point 
10.8 according to Cohn, Irving, and du Vigneaud’) and is more strongly 
adsorbed on permutit than is the oxytociec preparation (isoelectric point 
8.58). We propose to study the usefulness of this difference in arginine 
content as a chemical method for following the purification of the pressor 
hormone. 

It is interesting likewise to note that the cystine and tyrosine values 
for the oxytocie fraction are in very good agreement with a minimum 
molecular weight of approximately 1300, assuming but a single molecule 
of each amino acid (1311 from eystine and 1274 from tyrosine). The 
pressor hormone gives a similar value, although here the agreement is not 
as good, which is in accord with the lower degree of purification for this 
fraction. It should be emphasized that these products were not crystalline; 
we believe, however, the possibility that a chemical method of assay may 
be used at least on highly purified products warrants presentation at this 
time. 


Department of Biochemistry Apert M. Potts 
University of Chicago T. F. GALLAGHER 
Chicago 


Received for publication, February 27, 1942 


* Cohn, M., Irving, G. W., Jr., and du Vigneaud, V., J. Biol. Chem. 137, 635 (1941) 
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DIMERIC dl-GLYCERALDEHYDE-1 ,3-DIPHOSPHATE 
Sirs: 

The synthesis of glyceraldehyde-3-phosphoric acid was reported 10 years 
ago! Recent work of Negelein and Brémel* and Warburg and Christian® 
has made it appear very likely that a glyceraldehyde-1 ,3-diphosphate is 
an intermediate of sugar metabolism. This compound, Substance A, has 
now been synthesized in a dimeric form (see the formula). 


HO 


O==P-O-CH, 
J O OH 
HO 
HC HC-O-P=0 
HO 
OH 
O==P-O-CH CH 


2 OH 
O 


CH,-O-P=0 
\ 
OH 


HO 


Dimeric dl-glyceraldehyde was phosphorylated by treatment in pyridine 
with diphenyl phosphorus oxychloride (method of Brigl and Miller‘). 
The octaphenyl ester of Substance A was obtained, needles, m.p. 108-109°. 
Found, C 58.2, H 4.6, P 11.5. Catalytic hydrogenation in methanol with 
platinum oxide and hydrogen at room temperature resulted in a smooth 
cleavage of the protecting phenol groups, vielding Substance A. The 
crystalline acid barium and calcium salts were prepared by adding barium 
and calcium chloride and subsequently ethanol. Both salts crystallized 
in small well defined needles. 


C.H,O.wP,Ba, + 2H.O. Caleulated. C 8.93, H 1.50, P 15.36, Ba 34.05 


+ 2H.O. Caleulated. 11.77, 1.98, ** 20.24, Ca 13.09 


In contrast to the calcium salt of glvceraldehyde-3-phosphoric acid, the 
barium and calcium salts of Substance A do not form methylglyoxal spon- 


' Fischer, H. O. L., and Baer, E., Ber. chem. Ges., 65, 337, 1040 (1932). 
?Negelein, k., and Brémel, H., Biochem. Z., 301, 135 (1939). 

* Warburg, O., and Christian, N., Biochem. Z., 303, 40 (1939). 

‘ Brigl, P., and Miller, H., Ber. chem. Ges., 72, 2121 (1939). 
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taneously on standing. Moreover, the new ester is stable against moderate 
concentrations of alkali (pH 9.6) in the cold. However, in hot acid solu- 
tion in the presence of 2,4-dinitrophenylhydrazine, a quantitative yield 
of methylglyoxal dinitrophenylosazone is precipitated. 

The new ester contains, like the Cori ester (glucose-1-phosphate), 
phosphoric acid residues linked to “glycosidic”? hydroxyl and, in addition, 
phosphoric acid residues bound to primary alcoholic hydroxyl. <A dif- 
ference in the ease of hydrolysis of the two types of linkage is apparent 
from the shape of the hydrolysis curves. 

The percentage hydrolysis of Substance A in 0.1 N hydrochloric acid at 
100° is shown in the following figures. 

Inorganic P, %...... | 47 71 82 


~ 


The hydrolysis curve obtained from these figures closely resembles that 
of triose monophosphates, up to 50 per cent hydrolysis. Thereafter, the 
hydrolysis is markedly slower. This behavior in acid solution may serve 
to differentiate the new ester from the triose monophosphates. The ester 
is readily hydrolyzed also by phosphatases. Details of all experimental 
studies will be published later. 

Investigations on the probable réle of this compound as an intermediate 
of sugar metabolism are in progress. 


Department of Chemistry Ericu BAER 
Banting Institute HERMANN O. L. Fiscner 
University of Toronto 
Toronto, Canada 
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CARBON DIOXIDE ASSIMILATION IN CELL-FREE LIVER 
EXTRACTS* 


Sirs: 


Although the assimilation of CO, by a variety of plant and animal cells 
is a well recognized phenomenon, a similar reaction in cell-free extracts 
has not been described. We should like to report, therefore, the prepara- 
tion of cell-free extracts of pigeon liver which assimilate 10 to 50 per cent 
of the radioactivity added as CO... The experimental conditions are 
similar to those previously described.'. These extracts are made by 
grinding minced pigeon liver with sand and an equal volume of ice-cold 
0.1 m phosphate buffer, pH 7.4, and centrifuging. The cloudy, cell-free 
supernatant fluid retains its activity for several days at 0°. There is a 
slow loss of activity on dialysis. In the undialyzed extracts there is an 
initial rapid uptake of COs (measured as per cent of total C™ present) 
which reaches a maximum in about 10 minutes and is followed by a gradual 
decrease. Apparently both assimilating and CO,-releasing reactions occur 
in such preparations. 

Distilled water or phosphate buffer extracts of acetone-dried pigeon liver 
also show active CO, assimilation. With these extracts there is an in- 
crease in the amount of COe assimilated with time and it seems probable - 
that the reactions leading to the release of assimilated CO: are either 
inhibited or absent. In a typical experiment, 4 cc. of water extract (1 gm. 
of acetone powder + 8 cc. of water incubated 5 minutes at 40° and centri- 
fuged) were added to 4 ec. of Ca-free bicarbonate-Krebs’ solution equili- 
brated with 5 per cent COec, 95 per cent oxygen in the presence of 1 ee. of 
0.1 Mm pyruvate, 0.25 cc. of 0.1 mM succinate, and C'O:s. The mixture was 
incubated at 40° in a 50 cc. vessel in an atmosphere of 5 per cent COs, 
95 per cent Os. Kxamination of metaphosphoric acid filtrates at intervals 
showed that 6, 8, 21, and 24 per cent of the C"™ was fixed as organic carbon 
at 10, 20, 60, and 120 minutes, respectively. In the absence of added 
pyruvate and succinate only about 0.5 per cent C"™ is fixed in 20 minutes. 
The water extract shows only slight loss of activity on standing in the ice 
box 24 hours. There is greater, but not complete, loss after 24 hours 
dialysis against distilled water. 


Department of Biochemistry EE. A. Evans, JR. 
University of Chicago Louis SLoTIN 
Chicago | Birait VENNESLAND 


Received for publication, March 18, 1942 
* Aided in part by grants from the John and Mary R. Markle Foundation and from 
the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of Chicago. 
1 Evans, E. A., Jr., and Slotin, L., J. Biol. Chem., 141, 439 (1941). 
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